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Abstract
To reduce greenhouse gas emissions and reliance of fossil fuels Samoa has developed
a target of achieving 100% renewable electricity by 2025. Currently 60% of Samoa’s
electricity comes from diesel generators and the details of how this target will be achieved
are not clear. The research in this thesis aims to provide a better understanding of how
to achieve this target by analysing possible future renewable electricity supply scenarios.
This analysis is based on simulating detailed demand and renewable supply time series
based on modifying historical data to: (i) develop approaches to deal with variability
in electricity supply from renewable resources and to study the trade-offs (i.a) between
renewability and efficient use of resources, and (i.b) between renewability and economics
viability.
Due to excellent solar resources, our results show that it is technically feasible to achieve
close to 100% renewable electricity supply in Samoa with a combination of solar pho-
tovoltaics, hydro and electricity storage. The most promising scenarios to achieve this
have shares of solar, hydro and stored solar electricity supply in the range of 28 - 37%,
25 - 40%, and 17 - 30%, respectively. Storage size range of 110MWh to 180MWh was
found to be critical to achieving these results.
Exploration of a range of scenarios showed a trade-off between very high penetrations of
solar and efficient use of resources, i.e. a significant proportion of electricity produced
would need to be “spilt” as generation significantly exceeds demand much of the time
due to the temporal mismatch between supply and demand.
The results also showed that very high percentages of renewables (> 90%) would result
in prohibitively high costs. However, by optimizing storage size it was possible to find
scenarios that achieve ∼90% renewable supply and, based on an indicative analysis, also
appear economically viable with an NPV>0 and an LCOE that is below the current
costs to produce electricity from diesel in Samoa.
These results show that achieving close to 100% renewable electricity in Samoa is pos-
sible and may even be cost effective. They also provide a picture of what this future
electricity system might look like. Future work should focus on exploring cost effective
storage options, detailed economic analysis of actually implementing such a scenario,
and approaches to low-carbon transport.
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Introduction
Energy-related emissions from the transport, industry, buildings, electricity and heat
production, and other energy sectors make up approximately three quarters of the total
global share Greenhouse Gas (GHG) emissions, as shown in Figure 1.1. This is due to
the emission of CO2 from the combustion of fossil fuels such as coal, oil and natural
gas. Therefore, many nations have prioritized the energy sector as the first to work
with to mitigate GHG emissions and this has resulted in efforts to move towards 100%
renewable energy sources.
In Section 1.1 of this chapter, we discuss the multiple drivers for renewable energy,
including reducing GHG emissions. In Sec. 1.2 and 1.3 we review some of the Renewable
Energy (RE) targets of many countries including Samoa. Determining the transition
between the current and future energy sector presents a number of challenges. Sec. 1.4
discusses some of the challenges of achieving these RE targets. In order to guide nations
through this transition, many researchers have developed scenarios to explore renewable
energy futures and carry out techno-economic analysis to explore these options. Sec.
1.5, introduces some of the studies that have analyzed these challenges. The aims for
this thesis are presented in Sec. 1.6.
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Figure 1.1: Global share of GHG emissions by sector [105]
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1.1 Drivers for Renewable Energy
Across many countries there seems to be three main drivers for renewable energy (RE):
(i)energy security, (ii)reducing GHGs and (iii)the rapidly reducing costs of RE technolo-
gies. In this section we discuss these drivers in more detail.
1.1.1 Energy Security
Many countries pursue renewable energy to promote national energy security [15]. En-
ergy security is defined by the International Energy Agency as “the uninterrupted avail-
ability of energy sources at an affordable price... Lack of energy security is thus linked
to the negative economic and social impacts of either physical unavailability of energy,
or prices that are not competitive or are overly volatile” [38]. One of the main attrac-
tions of renewable energy sources, is their contribution to distributed generation (DG)
systems that are environmentally, commercially and nationally regulatory driven [52].
This allows a country to promote sustainable systems as well as to have control over
their sources of energy supply.
For example, the pacific island countries (PIC) depend heavily on imported petroleum
as their primary energy source [44]. Petroleum products are mostly used for electricity
generation, transportation and fuel for cooking. These countries have no control over
these resources as far as availability and prices are concerned. This poses an important
issue for PIC due to fluctuating oil prices as well as times of shortage of supply [65].
In contrast, indigenous resources or renewables offer an alternative energy source that
could enhance energy security.
1.1.2 Reducing GHGs
Fuelled by the increasing trend of the earth’s surface temperature due to increasing at-
mospheric concentration of GHGs(carbon dioxide and other trace gases such as methane
and nitrous oxide), the establishment of the Intergovernmental Negotiation Committee
for a Framework Convention on Climate Change by the United Nation General Assembly
took place in December 1990. This latter then became the United Nation Framework
Convention on Climate Change (UNFCCC) in May 1992 [4]. This convention conducts
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a series of conferences (Conference of Parties) that seek multiparty agents on solutions
to pursue to reduce the threat of climate change. These agreements include the Kyoto
Protocol from the COP 3 in 1997 and the Paris Agreement from the COP21 2015. In
a nutshell, these treaties main focus is to reduce GHG emissions by nations (parties of
the UNFCCC), thus limiting increases in the earths surface temperature in the hope of
reducing the impacts of climate change. As a result of the Paris agreement, all nations
that signed the UNFCCC must submit a pledge in accordance to it’s national policies
and practises, and how it contributes to the carbon emission reduction, also known as
Intended Nationally Determined Contribution (INDC) [37]. These pledges are now
Selected countries and their INDCs to reduce their GHG emissions are presented in Table
1.1. In all of the countries selected, the main focus is around improving efficiency at end
use, phasing out fossil fuels as primary energy supply in energy sectors, and increasing
renewable energy technologies uptake. Although island nations may not have significant
contributions to GHG emissions, due to their particular vulnerability to climate change
among the more than one hundred nations, many island nations have submitted their
(INDC) which can be viewed in Ref.[104].
1.1.3 Reduced Costs of RE Technologies
The cost of renewable energy technologies have been decreasing over the past decade.
The prices of solar and wind power technologies have rapidly declined, and the cost
of electricity from bioenergy, hydropower and geothermal, are now within the range of
fossil fuel-fired power generation costs [41]. This has driven the widespread uptake of
solar and wind technologies around the world. The current status of RE technologies
will be discussed in more detail in Sec. 2.1.
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Table 1.1: INDC by selected UNFCCC Party (submitted by 14 May 2015) [37]
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1.2 Global RE Targets
In late 2018, about 169 countries have adopted some form of official renewable energy
target to be achieved by a year between 2020 and 2050, with Denmark being the only
country with a target of 100% renewable for total final energy by 2050 [85]. Governments
worldwide, have focused their renewable energy policy attention primarily on promoting
the development and deployment of renewable electricity generation technologies [85].
Renewable electricity targets for Germany and New Zealand by 2025 are 45% and 90%,
respectively, while China targets 35% by 2030 [85]. The United States does not have a
RE targets on the national level but there are at state-level targets[85].
Many countries and cites focus on scaling up renewables in the electricity sector, while
others have policies to promote renewable heat technologies, reduce energy consumption,
to mandate the use of efficient lighting or appliances, and require the integration of
renewable energy technologies (primarily solar PV and solar thermal) in buildings for
the cooling and heating sector[84]. The global transport sector is transitioning through
the use of liquid biofuels and electric vehicles (EV). The challenges for the growth
in the use of ethanol and bio-diesel in the transport sector, are mainly due to policy
uncertainties and the slow progress in developing renewable fuels for markets such as
aviation [85].
Different RE resources are specifically utilized in countries due to their availability and
abundance. For example, Australia, Germany, Spain and PIC have favorable locations
for solar resource [85]. In contrast, countries that do not have sufficient solar resource,
have good wind resource such as Italy, France, and the UK [85]. Some countries have
enough land area to have both like China and the US, and some have rare resources
such as geothermal which includes New Zealand, Indonesia and Mexico [85].
1.3 RE Targets for Pacific Island Countries and Samoa
Pacific Island Countries (PIC) have also set targets for renewable energy sources. Gov-
ernments of these PICs have developed strategic plans or Energy Roadmaps (ER) to
achieve these targets. These ERs have been studied by the International Renewable
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Energy Agency (IRENA) and consultants in 2013 [51] to develop renewable energy op-
portunities as well as identifying the challenges faced by these island nations. This study
covers the Pacific Island Countries and Territories (PICT) including Cook Islands, Fiji,
Federal States of Micronesia, Kiribati, Republic of Marshall Islands, Nauru, Niue, Palau,
Papua New Guinea, Samoa, Solomon Islands, Tokelau, Tonga, Tuvalu and Vanuatu. The
IRENA study set the foundation for later future renewable energy research in the PICTs
[51].
IRENA later on in 2016 published a detailed roadmap of four island nations. This used
renewable energy simulation tools and hourly demand data to develop scenarios towards
a high penetration of RE sources for the four selected island nations including Barbados,
Cyprus, Kiribati and the Dominican Republic [39]. RE Targets for every pacific island
nation are also available in Ref.[85] that have been updated from their previously set
targets in Ref.[51]. For example, most of the pacific island countries have set 100%
renewable electricity targets except for Tonga (which has set a target of 50%) by various
target years. That is, Niue, Tonga, and Tuvalu by 2020, Fiji, PNG, Solomon Island and
Vanuatu by 2030, and Kiribati, Marshall Island and Palau have RE targets which were
established by the Climate Vulnerable Forum by 2050 [85].
Samoa is aiming to achieve a 100% renewable electricity supply by 2025, to reduce GHG
emissions as well as reducing dependency on fossil fuel as presented in their Energy
Sector Plans [60, 62, 70]. The 100% RE electricity supply target for Samoa is proposed
to be achieved by increasing grid connected solarpower and installing a bioenergy power
plant, to assist the existing RE contributions from wind and hydropower [70], which will
be discussed further in Sec. 3.6.
1.4 Challenges to achieving RE targets
Challenges to achieving high RE targets arise from: (i) the characteristics of RE re-
sources, such as their temporal variability, (ii) the trade-offs between the degree of RE
penetration and the efficient utilization of energy RE resources, and (iii) the financial
costs associated with these significant future changes.
Incorporating renewable energy technologies in the electricity sector, is challenging espe-
cially with the least cost technologies such solar and wind power [76, 91, 101]. The main
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challenge is caused by the minute-level variability of wind and solar resources. Times
of high supply from these variable RE sources also do not match with times of high
demand. In contrast, electricity generation from fossil fuels can be dispatched to meet
variability in demand [22]. Partially dispatchable renewable power sources include hy-
dropower, bioenergy and geothermal. These resources are also fuel (for bioenergy) and
resource (for hydro and geothermal) availability dependent, which makes them variable
on a seasonal and yearly time scale [22].
High penetration of variable RE resources in an electricity system can result in over-
supply or surplus when these RE resources are optimally generating during times of low
demand [43]. Examples include; a surplus of supply for a wind-hydro power system is
due to the high levels and inflows of lakes and rivers, in addition to a good windpower
supply in summer [57]; or solar surplus due to a mismatch between solar photo-voltaic
(PV) generation without storage and daily electricity demand [16].
Integrating variable RE resources into the electricity grid is considerably more complex
and expensive, and often requires the use of electricity storage technologies, which will
add to costs [94]. The investments in the PIC to meet their RE targets are funded
heavily by development partners (such as New Zealand, the European Union, Asian
Development Bank) [18]. The RE targets for PIC could be costly to achieve and these
RE targets may not be achievable specifically for Samoa and the Solomon Islands due
to the absence of suitability low-cost options [17].
The path to achieve a fossil-fuels-free electricity generation system for pacific countries
is a challenge and quite ambitious due to the upfront costs of these technologies [107].
Other issues include the impact of the variability of RE sources and the stability of the
national grid [83].
The electricity sector is the main focus for Samoa’s RE transition and the government
has previously set a target of 100% RE electricity supply by 2017 [25, 61], which was
later changed to 2025 [70] due to the financial barriers discussed above.
Many PIC have not evaluated the technical feasibility or economic viability of a concrete
scenario for achieving their targets. This type of analysis is referred to as techno-
economical analysis.
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1.5 Techno-economic Analysis of Options to Achieve RE
Targets
Emerging questions from these challenges in the previous section include, (a) which
renewable energy technologies should be pursued given a countries resources? (b) what
level of renewability should be pursued? (c) how should variability be dealt with? and
d) How much will it cost to achieve these targets?
To help answer these questions, a number of studies have conducted detailed analysis
to inform policy for RE transitions [3, 5, 8, 12–14, 23, 27, 33, 36, 42, 47, 53, 57, 66,
67]. Unlike INDCs where the final target is set in the beginning before the analysis is
conducted, these studies have analyzed the options using historical data to determine
what is possible for the energy sector based on supply and demand balances, system
sustainability and costs. These RE scenarios are used to help explore the transition
from a current fossil dominated energy system to a carbon neutral future. Most of the
analysis has been carried out for developed countries. Details on these studies will be
presented in the Chapter 2 (Sec. 2.2).
Chapter 1 10
1.6 Project Aim
The drivers of energy security, reducing GHG and the decreasing price of RE technologies
mentioned in Sec. 1.1 are also highly important to pacific countries. Pacific island
nations, are some of the most vulnerable countries to the effects of climate change and
are concerned for their national energy security.
The Government of Samoa has set a target of reaching 100% renewable electricity from
local resources by 2025 in its INDC [70]. However, the details on how this RE target is
to be achieved are not clear.
The research presented in this thesis aims to explore future scenarios for Samoa’s elec-
tricity system incorporating high percentage of renewable resources. More specifically
it aims to answer the following questions:
1) Based on the current status of the renewable energy technologies, the available energy
resources and the current electricity generation required, can Samoa achieve a 100%
renewable electricity system?
2) Which renewable options are the most suitable?
3) How should variability be dealt with?
4) What are the trade-offs between renewablility, efficiency and financial costs?
This research presents a detailed study of scenarios towards a 100% renewable electric-
ity system for Samoa by taking into account the variability of resources and the costs
of renewables that are available. Chapter 2 discusses a review of the current status
of renewable technologies and the literature covering scenarios for RE transitions for
a number of different countries. Chapter 3 presents the current status of the Samoan
energy sector as well as the energy resources in Samoa. Chapter 4 discusses the method-
ology used in this thesis to address the above questions. Results from the analysis will
be presented in Chapter 5. Chapter 6 will discuss the results and conclusions will be
drawn in Chapter 7.
Chapter 2
Literature Review
In this section, we will first review the current status of RE technologies in terms of
costs and its uptake. Many countries have set ambitious RE targets, but have not
clearly specified how these will be achieved. In the second part of this chapter, we will
review the existing literature on techno-economic analysis of future scenarios with high
renewable penetration that have been carried out for a number of countries.
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2.1 State of Renewable Energy Technology
Based on the context of pacific island countries and their available energy resources,
the technologies we are mainly concerned with in this thesis are Hydro, Solar, Wind,
Geothermal, Bioenergy and various Storage technologies. This section briefly presents
the current status of these technologies. Figure 2.1 presents the comparison of renewables
with non-renewables worldwide. It shows an increasing trend in renewables contribution
to the power generation mix. In addition, the growing installed capacity to meet demand
is observed thoughout the ten year timeframe reaching a total of around 7000 giga-watts
(GW) in 2018.
Figure 2.1: Global Renewable plus Non-Renewable Power Uptake Capacity [85]
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A detailed illustration of the renewable energy technology uptake in the world is pre-
sented in Fig. 2.2 [84], where it is seen that the shares of variable RE such as Solar PV
and Wind power, are almost the same as that of Hydropower in 2018. From this figure,
the maturity of hydropower and its benefits to the power sector is reflected in its share
in the renewable mix globally.
Figure 2.2: Detailed status of Global Renewable Power Uptake Capacity [84]
In addition to the dominance of hydropower in the RE installed capacity, we also observe
the rapid growth of wind power and solar PV compared to other renewable sources. This
uptake reflects the increasing cost competitiveness of these two technologies [41]. The
significant reduction in the capital costs of Solar PV can be observed from Fig 2.3. The
global weighted-average total installed cost of electricity from all commercially available
renewable power generation technologies, gives a distribution range(indicated by the grey
areas with highest(95 percentile) and lowest(5 percentile)) of the capital cost per kW of
RE technology projects for a number of countries studied by the IRENA [40]. Onshore
wind also displays a low installation cost compared to offshore wind and concentrating
solar power (CSP) and this has led to its rapid growth. CSP technologies use mirror
configurations to concentrate the suns light energy onto a receiver and convert it into
heat, which then be used to create steam to drive a turbine to produce electrical power
or used as industrial process heat [78].
Up front capital costs alone are not sufficient to compare the economic viability of
RE technologies. Instead, the most common measure for comparing different energy
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Figure 2.3: Global weighted average total of installed costs and project percentile
ranges for Solar PV, CSP, onshore and offshore wind, 2010-2018 [41]. The global
weighted-average total installed cost of electricity from all commercially available re-
newable power generation technologies, gives a distribution range(indicated by the grey
areas with highest(95 percentile) and lowest(5 percentile)) of the capital cost per kW
of RE technology projects for a number of countries studied by the IRENA [40]
generation technologies is the levelized cost of energy (LCOE). For example, LCOE
could be used to compare the cost of electric energy from a renewable source with
that from a nuclear generating unit [48]. LCOE is measured in cost per unit of energy
($/kWh), and the lower its value the more economically attractive it gets. More details
on LCOE will be discussed in Sec. 4.6.
Other measures include the Capacity Factor (CF) which is the ratio of the annual gen-
eration by the technology to its installed capacity multiplied by the number of hours
in a year. Wind turbine capacity factors are typically about 34% for favorable inland
locations and up to 50% for offshore locations [48]. Photovoltaic (PV) and solar thermal
generation units are mostly on land and may have somewhat lower capacity factors, 18%
to 26% for PV in favorable locations depending on weather [48]. Hydropower, bioenergy
and geothermal have higher CFs compared to wind and solar. Capacity factor will be
described in more detail in Section 4.5
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2.1.1 Hydropower
Hydropower technology is one of the longest serving renewable power sources as deter-
mined by its status in the last decade (Fig. 2.1 and 2.2) in countries where such resources
are available. The top 10 ten countries with additional hydropower installations in 2018
are shown in Fig. 2.4 with China having the largest capacity of around 327 GW in
2018, followed by Brazil with a total of around 104 GW. Canada is in third place with
a capacity slightly above 80 GW while the remaining seven countries fall in below the
50 - 5 GW range.
Figure 2.4: The uptake of Hydropower technology in the top 10 countries as presented
in the REN21 2019 report [85]
The total installed capital cost per kilo-watt (kW) for hydropower is presented in Fig.
2.5, other information included in the figure are the capacity factor and levelized cost
of electricity (LCOE). From Fig. 2.5, the global weighted-average total capital cost of
hydropower in 2018 is higher than solar PV, equal to onshore wind turbines, and far
below concentrated solar power (CSP) and offshore wind turbines (Fig. 2.5).
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The trend of the average installed cost seems to slightly increase with fluctuations plus a
huge range(in grey) of the maximum and minimum cost per kW. On the other hand, the
average LCOE for this technology remains low (US$0.05/kWh) due to a high capacity
factor as compared to other RE technologies, which will be explained in the later sections.
Figure 2.5: Global weighted average of total installed costs, capacity factors and
LCOE for hydropower, 2010-2018 [41]. A distribution range(indicated by the grey
areas with highest(95 percentile) and lowest(5 percentile)) of RE technology projects
for a number of countries studied by the IRENA [40]
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2.1.2 Solar PV and Concentrating Solar Power (CSP)
As seen in previous sections, the uptake of solar PV has been increased exponentially in
the last ten years. Such a trend is believed to be triggered by the fall in upfront costs
of solar PV within the same timeframe. Fig. 2.6 presents the top 10 countries with the
most additions in solar PV with China in the lead with a total of around 175 GW in
2018. The nine remaining countries fall in the range of 10 to 60 GW of total solar PV
installations in 2018. About 5.5 GW of CSP was recorded in the 2018 global energy
status (an increase of 11% from the previous year), around 75% of this capacity is in
Spain and the United Stated [85].
Figure 2.6: Solar PV Technology Uptake Capacity for the Top 10 Countries [85]
The global weighted average of the total installed cost of solar PV in 2018 is US$
1210/kW, a dramatic decrease from US$ 4621/kW in 2010, as illustrated in Fig. 2.7.
Despite the low upfront capital cost of solar PV, the capacity factor for the technology
is quite low with an average of 18% in 2018. Because of this, the LCOE for solar is
higher than hydro as discussed in the previous section. Total costs for CSP (Fig. 2.8)
have reduced from 2011 to 2018. Capacity factor for CSP is higher than solar PV due
to incorporated heat storage in CSP technologies.
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Figure 2.7: Global weighted average of total installed costs, capacity factors and
LCOE for solar PV, 2010-2018 [41].A distribution range(indicated by the grey areas
with highest(95 percentile) and lowest(5 percentile)) of RE technology projects for a
number of countries studied by the IRENA [40]
Figure 2.8: Global weighted average of total installed costs, capacity factors and
LCOE for CSP, 2010-2018 [41]. A distribution range(indicated by the grey areas with
highest(95 percentile) and lowest(5 percentile)) of RE technology projects for a number
of countries studied by the IRENA [40]
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2.1.3 Wind
Similar to solar PV, the uptake of onshore wind power has increased rapidly. The
installed capacities of the top 10 countries with wind turbines is shown in Fig. 2.9
with China having highest installed capacity of around 220 GW, followed by the United
States(US) with a total of about 95 GW. Germany is in third place with approximately
60 GW, and the rest are below 50 GW.
Figure 2.9: Wind Power Technology Uptake Capacity for the Top 10 Countries [85]
The global weighted average of total installed cost, capacity factors and LCOE of onshore
and offshore wind, are given in Fig. 2.10 and Fig. 2.11, respectively. From these two
figures, onshore wind total installed cost gradually reduces from US$ 1913/kW in 2010
to US$ 1497/kW in 2018, whereas offshore wind fluctuates throughout the same time
period from US$ 4572/kW to a slight drop of US$ 4353/kW.
The capacity factor for both wind types are quite high compared to that of Solar PV.
Due to the high capacity factor of such technologies, the LCOE for onshore is quite low
and not very different from hydro. On the other hand, the LCOE for offshore wind
remains high due to its large upfront costs.
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Figure 2.10: Global weighted average of total installed costs, capacity factors and
LCOE for onshore wind, 2010-2018 [41]. A distribution range(indicated by the grey
areas with highest(95 percentile) and lowest(5 percentile)) of RE technology projects
for a number of countries studied by the IRENA [40]
Figure 2.11: Global weighted average of total installed costs, capacity factors and
LCOE for offshore wind, 2010-2018 [41]. A distribution range(indicated by the grey
areas with highest(95 percentile) and lowest(5 percentile)) of RE technology projects
for a number of countries studied by the IRENA [40]
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2.1.4 Geothermal
Geothermal energy is not as variable as solar and wind, therefore it is often used to
supply a constant and fairly low level of demand or technically baseload. Geothermal
resources provide electricity and thermal energy services (process heat, space heating
and cooling) [84]. However, not many countries have this beneficial resource, and Fig.
2.11 presents the installed capacity for the top 10 countries plus the rest of the world
with geothermal plants. The chart displays that Indonesia and Turkey have experienced
large additions of geothermal systems in 2018 and that the US has the highest installed
capacity of such technology in the world.
Figure 2.12: Geothermal power technology uptake capacity for the top 10 countries
plus the rest of the world with geothermal generators [84]
The average total installed cost, capital capacity and LCOE of the technology are pre-
sented in Fig. 2.13. The trend of the installed capacity cost is quite random where it
spikes in 2012. The recorded cost of 2018 is US$ 3976/kW with quite a range between
the maximum and minimum. Despite its high upfront cost, the capacity factor is also
very high compared to the previous technologies which makes its LCOE low.
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Figure 2.13: Global weighted average of total installed costs, capacity factors and
LCOE for geothermal, 2010-2018 [41]. A distribution range(indicated by the grey areas
with highest(95 percentile) and lowest(5 percentile)) of RE technology projects for a
number of countries studied by the IRENA [40]
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2.1.5 Bioenergy
Bioenergy such as solid fuel (biomass), liquids (biofuels) or gases (biogas or biomethane),
can be used to produce heat for cooking and for heating residential spaces and water, it
also can be used to co-generate electricity and heat via combined heat and power (CHP)
[84].
Bioenergy made its largest contribution to the heating and cooling sector (5%), followed
by the transport sector (3%) and the electricity supply (2.1%). Global bio-power capac-
ity increased in 2018 to 130 gigawatts (GW), up from 121 GW in 2017, an estimated
growth of 6.5% [85]. The capital cost for bioenergy electricity generation fluctuates over
the years as shown in Fig. 2.14. It also shows the very high CF which leads to relatively
low LCOE compared to both solar PV and windpower.
Figure 2.14: Global weighted average total installed costs, capacity factors and LCOE
for bioenergy, 2010-2018 [41]. A distribution range(indicated by the grey areas with
highest(95 percentile) and lowest(5 percentile)) of RE technology projects for a number
of countries studied by the IRENA [40]
Recognising the current global interest in technologies that limit the dependence on non-
renewable fossil resources, some researchers have explored the technical functionality of
employing renewable biomass resources as feedstocks in the production of liquid and
gaseous biofuels [71–73]
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2.1.6 Electrical Energy Storage
In the case of variable RE sources, the power generation exceeds the actual demand
for it at times, and it may not be available when it is required. Therefore a storage
mechanism is required to overcome this issue. There are quite a large number of storage
technologies. Some technologies are still in the development stage, whereas technologies
such as pumped hydropower storage and battery storage, have been deployed and are
considered mature. Other storage technologies are specifically for heat energy [84, 85],
and because our focus is on electricity, it will not be explained here.
The most widespread energy storage technology in the world is pumped hydropower
storage. An addition of 2.9 GW in 2018 has lead to its total global capcity of 160
GW, followed by battery storage with a total capacity of 3 GW in 2019 [85]. The total
installed costs for these technologies ranges from 213 - 313 US$ per kWh for pumped
hydropwer storage, and 386 - 1026 US$ per kWh for all-types of battery storage [49]. In
a more recent article, the current pack price of Lithium-ion battery is US$ 176 /kWh
[29]. Lithium-ion battery pack prices continue to reduce as shown in Fig. 2.15.
Figure 2.15: Trend of Lithium-ion battery pack price [29]
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2.2 Assessment of Technical Feasibility and Economic Vi-
ability of Achieving 100% Renewable Energy Goals
In the previous sections of this chapter, we have explained the current status of RE
technologies in terms of costs, and in Chapter one, we have discussed how the decrease
in costs of RE technologies over the years is an important drive of uptake for most
countries, in addition to national energy security and GHG emissions reduction. It is
due to these drivers that countries are setting out RE targets, despite the challenges
discussed in chapter one.
In order to achieve these goals of high shares of RE supply, detailed scenarios or pathways
are proposed and their technical feasibility and economic viability are assessed by many
studies using a variety of available tools [11][86]. The results of these studies have
been used by other researchers and policy and decision makers. There are a number
of detailed assessments of pathways of achieving high (80%-100%) renewable energy
sources for whole energy system (including all sectors) in different countries that exist
in the literature such as Germany [33], Europe [13], Croatia [67], Finland [8], and the UK
[36]. Some of the literature does not focus on the whole energy system but on only one
or two energy sectors such as electricity and/or heat and/or transport which includes
Brazil [27], Sweden [5], Australia [3, 23], Portugal [66], New Zealand [57], Turkey [47],
Denmark [53], Ireland [12], Japan [50] telehmann2003, and Macedonia [14].
2.2.1 Tools and Methods
Most of the studies in the selected literature seem to be using the EnergyPLAN tool
[99]. It is believed that the popularity of this model among these studies is based on the
following three main features: it is user-friendly, free to download, and it focuses on the
three main energy sectors: heating and/or cooling, transport and electricity [10]. For
most of these studies, the model has provided steps and scenarios for the energy sectors
in these countries to transit from the current partially renewable energy situation to as
high as 100%. These studies aim to advance knowledge on the transition of these energy
sectors [8, 12, 13, 33] by reducing the dependency on hydrocarbons [67], improving
energy systems(efficient energy production as well as end-use) [14], and providing a
flexible energy system that balances electricity supply and demand [53, 66].
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Other models use a Ten-Year Hourly Model of Energy Flows (TYHME) that is based
on the Zero Carbon Britain program [1]. This is used to develop a hypothetical future
for the energy sector in the UK, promoting 100% renewable energy and carbon-neutral
energy sources, increasing electrification while reducing total energy demand [36].
The REmix Model is based on two main elements: i) data analysis and ii) system
optimization [28]. The REmix tool optimizes capacity installation and hourly operation
of system components in a perfect foresight approach over one typical year and was used
to analyze a least-cost composition and operation of a fully renewable European power
system [27].
The energy simulation STREAM Model provides a bottom-up analysis of the energy
sectors, providing two sub-models; 1) flow model which provides details on socioeconomic
and carbon emissions, and 2) duration model which provides an hourly balance between
supply and demand for all of the energy sectors [5].
The National Electricity Market Optimiser (NEMO) is a model used in the analysis by
Blakers et al.. [3]. This model uses wind and PV hourly data along side other renewable
sources such as hydropower from the years 2006 to 2010.
The LUT Energy Model, which uses hourly data of power generation sources and demand
for one year to produce a 100% transition in the electricity sector, is used by [47].
HOMER is a community-scale tool, originally developed to support the design of off-
grid community scale electrical energy systems, prior to modelling grid connected and
thermal systems in more recent versions of the HOMER software[54]. HOMER uses
monthly average data of solar radiation from NASA, and hourly wind speeds from Wind
Atlas Stations from the Renewable Energy and Energy Efficiency Organization, for the
desired location of the new electricity system [21].
The general purpose Matlab software is used by Mason [57] to develop a model using half-
hourly data of power generation resources over a three consecutive years. This analysis
carries out a detailed attempt to match supply to demand thus minimizing surplus and
deficit for the national electricity generation system. A similar model developed using
the software Python is used in Ref [23]. The use of general purpose software allows the
user to alter model parameters as well as to add extensions to the model for other areas
of analysis that need to be explored. This model is also called NEMO.
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2.2.2 Findings
Even though a number of methods were used to develop scenarios for each studies, their
aims are similar, and therefore each study arises at similar conclusions presented in
various ways. In the electricity and heating/cooling sectors for example, increasing the
penetration of variable renewable energy resources (RES) such as solar, wind, tidal and
wave coupled with storage in the system not only provides stability to the grid, but also
flexibility in managing energy distribution [3, 8, 12, 23, 27, 33, 57, 67].
Storage is a common theme across all energy sectors. It helps by storing excess elec-
tricity production from variable RE sources, contributes to grid stability and energy
management. In the electricity sector, for example, energy storage includes pumped hy-
dro energy storage (PHES), batteries and electric vehicle (EV). Electrical storage with
a high penetration of variable RES, can overcome the need for a base-load power station
[23]. Other forms of energy storage include thermal storage for concentrated solar power
(CSP) and combined heat and power (CHP) for district heating demand [33].
In contrast, additional storage is not necessarily required in the electricity sector when
there is sufficient capacity of dispatchable RES such as hydro, despite increasing variable
RE technologies [33]
2.2.3 Limitations
Each tool mentioned in the previous section has its own constrains. For instance, match-
ing supply and demand in the electricity and district heating is not available in Energy-
PLAN [33], which is in contrast with the tool used in Ref. [53]. In terms of generation
costs calculations, users need to perform further modifications to the EnergyPLAN soft-
ware as its analysis is based on the peak capacity instead of installed capacity of system
scenarios. In addition, the model’s representation of future power market prices is some-
what simplistic. It cannot account for complex power systems such as importing and
exporting power to neighbouring countries (where such systems are practical), and that
it is difficult to find a cost optimal energy system solution when utilizing more than one
type of energy resource [8].
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Other tools such as the H2RES are limited to the heat sector with the inclusion of one
transport technology (Hydrogen Vehicle). STREAM does not perform an economic opti-
mization of the energy-system, while the HOMER tool primarily focuses on stand-alone
applications of renewable energy such as single-building, local community, or single-
project applications [11].
Methods which use Matlab and Python [23, 57], are only limited by the data that is
available and may not be user friendly [23, 57]. However, the more data on hand, the
more detailed an analysis can be performed by these methods. Mostly importantly,
a balance between supply and demand is carefully considered by Mason et al. [57],
something that was overlooked in most of the other models and energy tools.
It appears that a study for Samoa to achieve a 100% renewable electricity penetration
was carried out by a consultant using the HOMER software in 2013 [42]. Their analysis
has not considered balancing supply and demand like the way Mason et al.’s [57] carried
out theirs. Details on this analysis will be discussed in Sec. 3.6. of the next chapter.
2.2.4 Meta-analysis of these high RE Scenarios
One meta-study has assessed the feasibility of 24 studies on 100% renewable-electricity
systems based on four criteria such as; 1) consistency with main stream energy-demand
forecasts; 2) simulating supply to meet demand reliably at hourly, half-hourly, and five
minutes timescales, with resilience to extreme climate events; 3) identifying necessary
transmission and distribution requirements; and 4) maintaining the provisional of ancil-
lary services [34].
Not satisfying the required score for the above criteria may lead to the high exploitation
of hydro electricity and biomass, plus expanded transmission network (reinvention of
the entire electricity supply-and-demand system), as well as underestimating financial
cost, social acceptance, pace of roll-out, land use, and materials consumption [34]. In
this assessment, Mason et al.’s work [57] was ranked number one for having a high
score of the total required criteria (see Table 2.1). It is also important to note that the
meta-study [34] has also attracted some criticism by Brown et al. [6].
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Table 2.1: Results from the meta-analysis, ranking from number one on top [34]
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2.3 Chapter Summary
The current status of RE technologies worldwide has been investigated in this chapter.
Solar PV, onshore wind, and battery storage have shown to be reducing in capital costs
over the years compared to offshore wind, hydro, geothermal and bioenergy. However
capacity factors for solar PV and onshore wind are quite low compared to other RE
sources due to their variability. This has caused the LCOE for the two variable RE
sources to be around the same as hydropower, geothermal and bioenergy which have
higher capital costs but also high capacity factors(the ratio of the annual generation by
the technology to its installed capacity multiplied by the number of hours in a year).
Techno-economic analysis of future highly-renewable energy system scenarios has been
carried out by many studies to assist a number of countries in their RE transitions.
The main reason for such modelling is to reduce the number of uncertainties in such
a transition. A meta analysis [34] ranked the approach by Mason et al. [57] as the
most appropriate method for assessing RE scenarios. This methodology has therefore
been adopted in this study. More details of the methodology used in this thesis will be
described in Chapter 4.
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Energy in Samoa
In this chapter, we will introduce Samoa’s current energy system. Section 3.2 provides
an overview of primary energy sources, and 3.3 presents Samoa’s energy balance. Both
imported and indigenous energy resources are discussed in Sec.3.4, covering historical,
current use and future potential. Sec. 3.5 provides details of the current electricity
system in Samoa, and Sec. 3.6 discusses a detailed study that was carried out for
Samoa’s electricity generation.
3.1 Introduction
Samoa is located in the South Pacific Ocean, at coordinates 13.6°S, 172.1°W. It has a
total land area is 2842 km2, and a current population of 196,440 (2017) with a growth
rate of 0.7% per year [30]. This land area consists of four islands namely Savai’i(58%),
Upolu(38%), plus Manono and Apolima which make up the remaining 4% (Fig.3.1).
About 78% of the country’s population resides in Upolu where the capital city Apia is
located, and around 22% on the island of Savai’i [87]. The population has increased by
5.6% since 2011, and in other periods such as 2001 to 2011 and 1991 to 2001, Samoa’s
population increased by 6.3% and 9.5%, respectively [87].
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Figure 3.1: Map of Samoa [55, 100]
3.2 Primary Energy Supply
Primary Energy supply in Samoa is classified into two major categories; “Indigenous”
and “Imported Petroleum”. Indigenous production is further categorized into biomass
and electricity generated using hydro, solar and wind resources. Imported Petroleum is
classified accordingly to fuel type as Automotive Diesel Oil , Motor gas (also referred to
as Unleaded Petrol), Dual Purpose Kerosene, Liquefied Petroleum Gas, and Solvents,
Lubricants & Bitumen [61]. Shares of these energy resources with a total of 108.4 kilotons
of oil equivalent (kTOE) per year(2015) are presented in Fig. 3.3.
The details about energy supply and consumption are reviewed and recorded by the
Ministry of Finance each year [69]. Figure 3.2 shows the primary energy source cate-
gorized as Biomass, Petroleum and Electricity generated from renewable energy sources
(hydro, solar and wind) recorded from 2000 to 2016. This portrays the dominance and
growing contribution of petroleum in the energy sector. Biomass’s contribution has fluc-
tuated between 40 and 30 kTOE, after a significant drop from more than 50 kTOE in
2000. A small contribution of RE for electricity production is seen as constantly being
less than 5 kTOE.
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Figure 3.2: Energy supply by source (2000 - 2016), plotted using the information
from energy reviews [69]
Figure 3.3: Samoa’s primary energy supply 2015 (total of 108.4 kTOE) [70]
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3.3 Energy Balance
The total inputs and outputs to Samoa’s energy system have not changed dramatically
in the past 10 years, therefore, for demonstration purposes we will use the 2015 Energy
Review for Samoa (recent publication on the MOF website[61]) for this section to provide
a general understanding. The total energy supplied in the country was 108.3 kTOE or
4534.3 terajoule (TJ). Of this total supply, 83.3% was due to net imported petroleum
after a reduction of 19.4% of re-exported, stock changes and statistical discrepancy of
the total gross imported petroleum. Indigenous production makes up the rest of the
energy supply with 13.4% from biomass, as well as a contribution from hydro, solar and
wind at 3.3%. After considering the conversion from fuel to electricity, transmission
losses, as well as utility own fuel use, a reduction of 13.5% (not including conversion
losses in the transport sector) from the total energy supply was observed. This now
results in 93.78 kTOE of net energy supply.
Energy end-use in Samoa is divided into Transport, Residential, Government, Commu-
nity & Social services, Commercial, Agriculture & Fishing and Industrial sector, as well
as the losses considered in electricity generation and distribution. Details of the energy
balance is given in Fig. 3.4 and Appendix A.
The transport sector includes mobilizing of goods and services both domestically and
internationally. This includes land (light and heavy vehicles), sea (cargo ships and
ferries) and air transport (international flights). The transport sector consumes about
52% of the total energy supply in the country. Note that we have not considered the
conversion of transport fuel to motive force in these calculations.
Electricity generation and utility own fuel use consumes 24.7% of the total primary
energy supply (85% Petroleum and 15% Renewable Electricity). Approximately 40.5%
(see Appendix A) of the total input energy is provided for consumption whereas the
59.5% is lost due to conversion and transmission losses. Electricity is managed by the
state owned Electric Power Corporation (EPC).
The commercial and industrial sectors are the mainstay of the the country’s economy[61].
The commercial sector includes wholesale/retail & recreation, finance insurance, real
estate, hotels & other commercial services. The industrial sector includes manufacturing,
Chapter 3 35
construction, and the quarrying sectors. The commercial sector uses about 9.2% of the
total energy supply whereas the agriculture and fishing sector consumes about 2%.
The residential, government, community & social sectors categorize the general pub-
lic energy use. This includes domestic householders, schools, government buildings,
religious organizations, community service obligations such as street lighting and non-
government organizations. Consumption by the residential sector is equivalent to 16.4%
while government, community & social services have combined 2.6% of the total energy
supply.
In summary, of the total energy input from both petroleum and indigenous resources,
approximately 80% is delivered to the end-use sector. The remaining 20% is attributed
to losses and own fuel use. Losses at the end-use sector have not been considered in this
analysis.
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This section presents both petroleum and indigenous energy resources in Samoa. This
includes petroleum, biomass, hydro, solar, wind, geothermal and wave. In addition, it
provides a brief history of each resource, the existing capacity of installed technology that
uses these resources and the future projects Samoa is planning based on the available
literature and technical reports.
3.4.1 Petroleum
It is not clear when petroleum was first introduced to Samoa. The details of the original
generator sets is believed to be lost, but it is probable that the earliest machines were
installed during the German administration prior to 1914 [9]. In addition, a petrol
locomotive engine (by Motorenfabrik Oberursel) was operating in 1914, transporting
building materials from Apia to 4 miles inland for the construction of a wireless station
[68]. At this time, the island nation was under New Zealand administration. The
electricity network was officially commissioned in 1951 and was solely based on diesel
until 1982 [109]. The largest diesel generator at the time, had a 450 kW capacity which
was later increased to 6.4 MW in 1972 due to the growing demand for electricity [32].
Petroleum is considered to be one of the country’s main imports apart from food items
and manufactured goods [102]. Importing of this resource is done by Petroleum Products
Supplies (PPS) via Exxon Mobil. The Government of Samoa has ownership of all the
petroleum storage facilities and tenders out to a supplier and distributor every 5 years.
Supply and pricing arrangements were initiated by the government to control domestic
petroleum prices and be reflective of international prices since 1998 [61]. Transport and
electricity generation are the two most petroleum dependent sectors (Fig.3.4). About 30
MW of diesel power capacity is currently connected to the grid on the island of Upolu
(see Appendix B.1).
The retail price of diesel varied between US$ 0.85 and US$ 1.07 per litre in 2015 [61].





Before the arrival of petroleum in Samoa, biomass was the primary source of energy and
was mostly used for cooking (ground oven ‘umu’ or open fireplaces) and for lighting (dry
coconut leaves as torches). These biomass resources included dry wood, coconut husks
and coconut shells.
Charcoal was introduced in the 1970s where it was used in charcoal irons as well as a
fuel for cooking. A number of projects have later introduced and promoted imported
charcoal stoves, wood stoves and drum ovens to replace the inefficient use of open fires
for cooking in households [95]. However, the popularity of these efficient stoves did not
last very long due to their limited lifespan.
Woody biomass remains popular in the residential sector as most families practise the
traditional methods of preparing food once or more per week. Such fuel can be gathered
from family lands or bought from the agricultural market and stores.
The former Government-owned sawmill at Asau, provided wood waste fuel for process
steam and power generation (2.5 MW steam turbine generator unit coupled to a waste
wood-fired boiler), supplying power to the sawmill and surplus to nearby residences free
of charge, in the mid-1980s on the island of Savaii [108]. This plant was operated since
1970 by an American sawmill company called Potlatch. The generated electricity was
produced at 60 Hz frequency which was not compatible with the 50 Hz system on the
other side of the island. Due to this reason, it provided electricity only to the north west
parts of Savai’i while it was operating until late 1980[95, 108].
A proposed 5MW Wood-fired Power Station (WFPS) was considered in the power ex-
pansion plans which was at its final design stage in 1985 for the island of Upolu [108].
Fuel considered included dry coconut stems, forestry and/or sawmill residue, agricultural
residue (coconut husks and shells) and cuttings from 640 ha dedicated energy plantation
to be established for EPC by the Department of Agriculture.
The proposed 2 x 2.5 MW plant had a capital cost of US$10 million including a US$1
million for fuel plantation. Its annualized capital cost (a metric used by the study) of
US$1.06 million was found to be higher than that of an equivalent capacity diesel-fired
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plant(US$0.45 million) and that it would require up to 50 km2 of land for an energy
plantation to support the 5 MW plant [108]. Such costs and the land area required for
feedstock, poses a challenge for a developing island country with a confined land area.
Land ownership in Samoa consists of customary lands; land owned and valued by an
extended family ‘aiga potopoto’ under the leadership of the high chief ‘tamaali’i’, free-
hold (privately owned) and state-owned land [108]. There is no further detail known
on the progress of the 5MW WFPS proposal, and there has not been any other grid
connected wood-fueled electricity generation since the Asau wood-fuelled steam power
station.
However, there is still interest in power generation from biomass [102]. One proposed
project consists of a biomass processing plant that would convert harvested timber from
26 km2 of state-owned land to woodchips. After reducing its moisture content, this fuel
would then be fed to a gasification power plant with 2 x 250 kW gasifiers and a gas
engine generator that could provide the Upolu grid with 2.25 GWh/yr. Power produced
would be controlled by the EPC supervisory control and data acquisition (SCADA), fed
to the grid as well as supplying both the processing and gasification plant.
Part of this project includes the setup of a control (central SCADA modification and
energy management system (EMS) for airport load control) as the site for this project
is close to the Faleolo International Airport. The total cost of biomass processing plant,
gasification power plant, central SCADA and EMS for airport load control is given as a
US$ 9.8 million including US$ 6 million cost of land for the biomass plantation [102].
3.4.2.2 Biofuel & Biogas
Based on a biophysical assessment of Samoa, research in 2009 has investigated the
feasibility of growing cassava for bioethanol, as well as jatropha and copra for biodiesel
[82]. Their findings show that the cost of production in ‘Samoan currency (tala)’ of
ethanol from cassava was SAT 3.02 (US$ 1.14) per litre, whereas the price of gasoline
was SAT 2.625 (US$ 0.99) per litre (December 2007 price). Jatropha seeds and copra
were considered for the production of Jatropha Biodiesel, Jatropha Refined Oil and
Coconut Refined Oil. Similarly, the costs per litre of the production of such fuel were
SAT 5.4 (US$ 2.04), SAT 4.62 (US$ 1.75) and SAT 3.22 (US$ 1.22), respectively, all
higher than the price of diesel at the time which was SAT 2.718 (US$ 1.03) per litre
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(December 2007 price). About 80% - 85% of the production costs for these biofuels was
due to feedstock costs [82].
Although the biophysical study showed that biofuels may not be economically attractive
at the time, trials of a 15% coconut oil blended diesel on a 400 kilowattpeak (kWp)
Diesel Generator were reported to have successfully operated for 2041 hours with no
engine problems [82] . However, the energy produced by the Cumming Engine KTTA
1963 compared to an equal volume of 100% diesel fuelled, was reduced from 3.33 kWh
per litre to 2.98 kWh per litre. The study concludes that biofuels in Samoa are only
economically feasible if the diesel and gasoline prices continue to rise, or/and when the
price per kg of jatropha seeds and copra drops.
Biogas production by the Youth With A Mission school (YWAM) at Falelauniu has
been operating since 2010 utilizing organic materials such as biological wastes for the
production of methane [111]. This has provided gas for cooking, as a replacement for the
use of biomass in open fires, for the YWAM own use. A similar project which started
in 2013, is operated in a small village called Piu which serves about 40 people including
children. The Piu Village Biogas project used the invasive (Merremia Peltata) vine, that
has caused problems to the village crops, as feedstock, as well as organic waste to feed
its biodigester [106]. They have also planned to commercialize their project by installing
a Biogas Power Station that consists of 2 x 20kW Generators which could provide 480
kWh for 12hrs of a day as well as providing 8000 litres of organic fertilizer [103]. A
similar development is also being considered for the village of Salua on Manono island
(52 households), and the nursing home ‘Sisters of the Poor’ on Upolu island [102].
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3.4.3 Hydro Energy
Hydropower is considered as one of the most mature renewable technologies in the world
(Sec. 1.2.1). Fortunately for PICs like Samoa, Papua New Guinea, Solomon Island and
Vanuatu, mountainous landscapes with good drainage basins have provided them with
the opportunity of utilizing hydro resources for power generation [44].
Samoa’s climate is categorized into two seasons, the wet season, that is from November
to April, and the dry season from May to October. As shown by Fig. 3.5, the average
number of rainy days during the wet season is estimated to be more than half the total
days of each month, whereas the numbers are quite low during the dry season. The wet
season is also considered to be the cyclone season and sometimes causes flooding in low
areas due to abnormally high rainfall.
Figure 3.5: Average rainy days for each month
The variations of rainfall in mm, due to the two seasons are shown in Fig.3.6(a) to (d).
These measurements were taken at four different stations. Three stations were located
in the Upolu island namely Apia, Afiamalu, Faleolo and one at Asau in the island of
Savai’i. The annual rainfall ranges from 3000 mm to 6000 mm for all stations.
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Figure 3.6: Mean rainfall (mm) at different locations[59]
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Hydrological data (such as inflow rates) on most of the rivers are not available. Some
hydrological data on rivers to be utilized for hydropower generation have been measured
and studied by the Japan International Cooperation Agency (JICA), but were uncleared
on the available report [45]. Other information (policies and community works on pre-
serving water resources) about rivers and lakes in Samoa can be obtained from the
Ministry of Natural Resources and Environment (MNRE).
The first hydropower plant was commissioned in 1928 at Magiagi providing electricity
to the township Apia region only. Its’ operation made use of only a portion of the
lower section of the Vaisigano River that flows through the Apia harbour. The 80
kW station was followed by a 230 kW station at Fuluasou in 1951, using the Fuluasou
River that runs on the East side of Apia. This second-hand turbine and generator
were originally installed at a sawmill in Bruce Bay, South Westland, New Zealand. The
third hydropower station was installed at Aloa in 1959 and is fed by the upper section
(compared to the Magiagi Station) of the Vaisigano River. It has a peak output power
of 1000 kW [9]. This was followed by 2 x 950 kW at Samasoni in 1981, and a 1600 kW
at Fale-Ole-Fee in 1985. The two stations are also fed by the Vaisigano River [9].
The Lalomauga hydropower station in the Falefa River basin was commissioned in 1984
with a installed capacity of 1760 kW, and was considered the largest run-of-river hy-
dropower station in Samoa. The Afulilo/Taelefaga is the only dam-reservoir hydropower
station and was commissioned in 1993. The Afulilo reservoir, with capacity 10 x 106
m3, stores water at a hydraulic head of 310 m for 2 x 2 MW hydropower gensets at
Taelefaga.
A number of hydropower stations were partially destroyed by cyclone Evan in 2012. This
included the Samasoni, Aloa and Fale-ole-fee stations (all run-of-river type), representing
about 34% of the total hydropower supply [110]. Refurbishment of these hydropower
generators was completed in late 2017 [77]. A total capacity of about 12 MW (Appendix
B.3) of hydropower is currently connected to the grid in Upolu. The first and only




The potential of the solar resource for Samoa is presented by two measures, namely the
Global Horizontal Irradiation (GHI) (see Fig. 3.7) and Direct Normal Irradiation (DNI)
(see Fig. 3.8), both in kilowatt hours per square metre per day and year.
Figure 3.7: Solar resource map of Global Horizontal Irradiation (GHI) for Samoa [93]
Figure 3.8: Solar resource map of Direct Normal Irradiation (DNI) for Samoa [93]
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GHI is the solar energy (consisting of three solar beam components; direct, diffuse and
reflected) collected on a 1 m2 of horizontal surface, and is an important parameter when
assessing potential areas for solar PV. DNI is the solar energy per m2 that consists of
the direct component only, and is crucial for assessing potential areas for concentrating
solar power (CSP) [20]. The two measures of solar energy for Samoa are quite similar in
magnitude, which means that GHI for Samoa consists mostly of the direct component.
Layout of GHI and DNI for Samoa is good at the northern parts of both Savai’i and
Upolu islands (kWh/m2 range from mid to max). The central parts of the two islands
are the areas with low irradiation.
Solar irradiance (W/m2) in Samoa varies less throughout the year compared to other
parts of the world. Solar irradiance data measured at 10 minute intervals by two licor
pyranometer on different locations on the island of Upolu, is presented in Fig. 3.9 and
3.10. Both locations are on the South East of Apia whereas one is on the coast (Aleipata)
and the other being further inland on the mountains (Afulilo). The plots show three
consecutive days of two months representing the dry (June) and the wet (December)
season in 2007. These were based on a data set retrieved from the Pacific regional data
repository [79].
Figure 3.9: Solar Irradiance (16-18) June 2007 (10 minute interval) [79]
The solar irradiance durations each day for the two locations are quite similar, that is
between 11 and 13 hours. Variability during the day is due to cloud cover during each
10 minute interval.
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Figure 3.10: Solar Irradiance (5-7) December 2007 (10 minute interval) [79]
Seasonal variation is quite insignificant as shown by Fig. 3.11. This shows the change in
the Solar Irradiance through a one year time period (12/1/2006 12:00 AM - 11/30/2007
11:50 PM) at the Afulilo location.
Historically, solar energy (through radiation), has been used for drying coconut husk
fibers after they have been exposed to seawater for the purpose of making ropes (’afa)
and in some cases handicrafts. These ropes were critical for constructing huts (Samoan
Fale), canoes and most of the everyday tools during that time. The use of solar energy in
the later years ( mid-19th century), were to dry coco and copra by residents (a traditional
drying method) when copra exportation was popular [19].
Modern uses of solar energy in Samoa include rooftop water heating and solar PV. Solar
water heating is typical for hotels whereas the use in households is quite low due to a
tradition preference for cold showers. Solar PV was introduced in the country in 1986
through a United States Agency for International Development (USAID) grant. The
project included the installation of 30 household systems in the island of Savaii (the
village of Safotu), each with 13 W fluorescent lights. Households paid SAT 200 (US$
88, at the time) for installation and a SAT 10 (US$ 4.4, at the time) per week for the
service. Unfortunately ,the system was not sustained due to lack of EPC support, lack
of spare parts, insufficient training and low user payments [64].
Three Independent Power Producers (IPP) established their grid-connected solar gen-
eration plants assisting the state owned EPC for the island of Upolu in 2014 . These
IPPs include Sun Pacific Energy Limited (SPEL), Solar for Samoa and Green Power
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Figure 3.11: Solar irradiance (W/m2) for Afulilo [79]
Samoa. The current amount of installed solar PV which is located in Upolu, Savaii and
Apolima, is about 15 MW.
SPEL has operated 2.2 MW of solar PV generation for the island of Upolu since 2015,
and have expanded it by 1.8 MW in 2018. The project expansion was to increase the
energy sold to EPC from 3.5 to 6 million kWh/year, costing AU$ 4 million (US$ 2.8
million) [97].
Solar for Samoa supplies a rated 3.5 MW of solar powered by approximately 47,000
advance thin film PV modules to Upolu’s grid since 2015 [26].
Green Power Samoa contributes a total of 5.8 MW installed capacity of solar PV[31].
The remaining solar PV capacity is state-owned. SPEL, Solar for Samoa, and Green
Power Samoa remain the only private-owned power suppliers in Samoa since 2014, selling




Based on crude estimates of wind resources, wind energy was originally considered not
feasible for Samoa. This was based on the findings that Samoa experienced wind speeds
less than 1.5 m/s for 38% of the year, between 1.5 and 6.5m/s for 49% of the year
and from 6.5 to 13.5 m/s for the remaining 13% of the year [95]. From this, the study
concluded that only 13% of the whole year has the wind power potential to compete
with hydro and biomass. The study also suggested that despite the low availability of
feasible wind speeds, it would be worth to investigate whether high wind speeds coincide
with the three to four months of dry season when hydro resources are low.
A more detailed wind resource assessment in 2009 by GHD consultants, found that the
eastern side of the island of Upolu (Afulilo) has potential for wind generation, and that
the long-term average wind speed at 30m height for that site, was 4.01 m/s. This was
based on the Afulilo site data and National Center for Atmospheric Research reference
data [81].
The eastern parts of Upolu are more exposed to prevailing winds extending from the
East to the East-South-East (ESE). Therefore, using specific site at this location and
the WindPRO software, calculations for a 2 MW and 5 MW wind farm layouts were
performed taking into account factors such as turbine spacing, number of turbines and
annual energy production. The results show that seven Vergent GEV MP 275kW tur-
bines for a 2 MW wind farm, would generate an estimate of 3,626 MWh per year
representing a capacity factor of 21.5%. Whereas 18 turbines of the same model for a 5
MW wind farm, would generate an estimated 8,576 MWh per year, for a capacity factor
of 19.8%. The study also presented the levelized cost of energy (LCOE) using the life
cycle approach for the two proposed wind farms as SAT 0.58/kWh (US$ 0.22/kWh) for
the 2MW, and SAT 0.57/kWh (US$ 0.21/kWh) for the 5MW wind farm. A Net Present
Value analysis was used to determine the economic feasibility (including benefits from
offsetting diesel generators by wind farms) of the study and projected that a threshold
diesel price of SAT 2.4/L (US$ 0.90/L) and above would be beneficial for a 2MW wind
farm with a 20% capacity factor for a discount rate of 10% [81].
To date, 2 x Vergnet GEV MP C 275 kW wind turbines are in operation at Vailoa
Aleipata which is near the coast on the South East of Apia (see Fig. 3.13). This project
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was commenced in 2014, funded by the United Arab Emirates. These turbines were
believed to be able to generate 300 MWh per year [102].
3.4.6 Geothermal and Wave Energy
A small geothermal resource has been discovered in the remote central northern part of
Savai’i [95], however there has not been any detailed report on its feasibility, except for
an estimated potential of a 4MW geothermal power plant in Savai’i [35].
Samoa has not seriously considered wave energy nor any sea energy based-technology
despite talks about Ocean Thermal Energy Conversion Technology (OTEC) in Nauru
and Guam in the mid-1980s [95]. The wave resource was mapped in the early 1990s
using data buoys moored off Upolu, which found wave power levels in the open sea to be
20-25 kW/m, but only 16 kW/m on the coast (which is more practical for a wavepower
technology) [35].
3.4.7 Storage
A previous study has investigated the feasibility of hydro pumped storage in Samoa [32]
(see Fig. 3.12). The proposed scheme consists of a 5 MW hydro plant operating under a
head of 700 meters supplied from a reservoir of 3.5 million m3 with an average depth of
8 m. The main source of water would be the West Vaisigano River from which 1 m3/s
would be pumped into the reservoir over a vertical distance of about 240 m through a
1355 m long pumping main, plus three other water pumping lines from Lake Lanotoo
and from two streams of the Leafe River[108]. The powerhouse for the pumped hydro
station will be located at Lotofaga (on the South coast of Upolu).
The 5 MW pump-assisted hydropower project was compared to other developing power
projects at the time such as the 4 MW Afulilo/Taelefaga dam type hydropower (Sec.
3.4.3), and the 5MW Wood-fired Power Station (Sec. 3.4.2.1). Based on an economic
analysis, the 4 MW Afulilo/Taelefaga dam type was considered more feasible than the
other two proposals [109].
Two battery energy storage systems (BESS) were commissioned in 2018. These had
storage and peak power capacities of 10 MWh and 6 MW in one case, and 3.4 MWh
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Figure 3.12: Afiamalu Pump Storage Scheme [32]
and 2 MW in the other, at different locations in Upolu [75]. This BESS is for improving
grid stability from the high capacity of grid-connected solar PV, over the use of stand
by diesel generators [89].
3.5 Current Electricity System
Electricity was introduced to Samoa in 1951 and was solely generated from diesel until
1982 when three run-of-river hydro power plants of total capacity 6.9 MW were added to
the generation mix [109]. About 67% of the electricity was generated from diesel (58%
for Upolu and 9% for Savaii) during the 2015 - 2016 period [25].
Samoa’s electricity distribution and most of the installed power supplies are authorized
by the state owned EPC, while IPP supplies a fraction of the power generation from
solar panels. Electricity is connected from distant power generators to the main control
station through 22 kV and 33kV rated power lines, then it is reduced to 240 V for
distribution to end users [40, 45]. There is no link for electricity between the two big
islands.
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Electricity tariffs vary from month to month depending on the cost of diesel. Tariff
payments are calculated using “Induction meters” or“Prepaid meters”. Consumers are
divided into Domestic and Non Domestic. Electricity tariffs are classified into three
different charges; these are usage, debt and energy (or fuel surcharge) and the sum is
the total charge which averages between US$0.28 and US$0.31 per kWh (Appendix C.3).
Monthly variation is largely due to the energy charge which varies between US$0.16 and
US$0.20 per kWh [24, 25](Appendix C.3).
3.5.1 Installed Capacity
Installed capacities of power generators are given in Table 3.1 with type and location
shown in Fig. 3.13. It can be observed that diesel has the highest installed capacity, and
the majority of the generators are located in the island of Upolu. The newly installed
Battery Energy Storage System (BESS) is in Upolu, with an old installation in Apolima.
Table 3.1: Installed Capacity(Information sourced from MOF, Energy Policy and
Coordination Division)
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Figure 3.13: Samoa Electricity Generation by Source Map
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3.5.2 Electricity Demand
The monthly energy demand from different sectors has been gathered and recorded by
the EPC in their annual reports. The energy demand by sector is given in Fig. 3.14 for
a historical range on seven years. The trend is clearly observed to be increasing from
2011 to 2016. The reduction in demand data between 2009 and 2011 might due to the
change from postpaid meters to prepaid meters for most of the domestic sector in 2010,
and that data for prepaid meters were not included until 2011 (Fig.3.11).
Figure 3.14: Monthly Consumption by Sector (2009 - 2016)
Detailed demand with hourly or daily time scales of different profiles ( households,
schools, government buildings, etc) are currently not available and have not previously
been recorded. Part of the developing projects by the EPC includes the implementa-
tion of such technology (smart meters) to gain understanding as well as to promote an
improved national grid.
3.6 Previous studies into achieving 100% renewable elec-
tricity in Samoa
In this section we will discuss previous analysis of scenarios for achieving 100% renewable
electricity for Samoa. (Note: conversion factor in 2013, NZ$ 1.0 is US$0.82)
In 2013, the Samoan government has also looked into a number of detailed scenarios
(prepared by consultants) by comparing LCOE and RE penetration of its base case
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scenario (2013 installed capacity) with a number of RE scenarios using the HOMER
software [42]. Their findings suggest that a scenario comprising a biomass power plant
(referred to as the BIOGEN3 project), solar PV and wind, plus 11.5 MWh of battery
storage would increase the penetration of RE from 33% to 76% while reducing LCOE
from NZ$ 0.31/kWh(US$ 0.25/kWh) to NZ$ 0.29/kWh(US$ 0.24/kWh) for the island
of Upolu.
The addition of a new hydro scheme would further increase RE penetration to 83%
and results in a slight increase in LCOE. In these scenarios the island of Savai’i would
increase its RE penetration from 0% to 66% with a reduction in LCOE from NZ$
0.47/kWh(US$ 0.38/kWh) to NZ$ 0.39/kWh(US$ 0.25/kWh) through a combination
of hydropower, solar PV, and a 1.2 MWh of battery storage. This analysis found that
most of the scenarios explored a negative NPV.
The costs of solar PV have been significantly reduced since 2013(see Sec. 2.1) and the
balancing of supply and demand to reduce energy spill and deficit were some of the very
important aspects we consider in the present study compared to the ITP consultant
study[42].
The BIOGEN3 project was delayed and later on cancelled due to financial issues ac-
cording to the Ministry of Finance (MOF)(see Appedix C.5). In 2015,a further study
(per request of the Government of Samoa) by the IRENA and Samoa’s power utility
company (the EPC) was conducted to assess the impacts of the planned solar PV and




Samoa depends on imported petroleum as its main primary energy supply. Transport
and the electricity sector are the main consumers of this petroleum. Petroleum prices
fluctuate significantly and this causes a noticeable change in the electricity tariff. The
average annual shares of RE power generation is less than 5% of the total energy supply.
Samoa has a range of renewable energy resources that can be used to displace imported
petroleum.
There is a significant amount of solar available (average daily sum of GHI between 5 -
5.4 kWh /m2) in most parts of the two main islands of Samoa. DNI shows a potential
for a CSP (average yearly sum of DNI 1826 - 1972 kWh /m2).
Hydropower has a maximum capacity of around 12 MW that could be fully generated
during wet season operation. A biomass gasification plant with a projected output of
2.25 GWh/y of electricity is soon to complete. A number of hydro power plants have
been affected by severe weather conditions in 2012, and were back to operation in late
2018. The Samoan government aims to achieve their RE target of 100% for electricity
generation by 2025 as reported in their INDC through generation from hydro, solar, wind
and biomass. A detailed study published in 2013 [42] presented a scenario to achieve
Samoa’s RE target, with the share of renewables up to 83% of the electricity supply
but this was not considered [102]. A lot has changed in the prices of RE technologies
between 2013 and 2018(see Sec. 2.1). This thesis explores options that are technically
feasible and economically viable for Samoa to achieve its RE target using actual data
and a method which will be discussed in the next chapter.
Chapter 4
Methodology
The Samoan government has targets of reaching 100% renewable electricity supply, how-
ever, there is no clear plan for how this will be achieved. This thesis aims to propose a
number of future scenarios to realize this plan and then carry out a techno-economic as-
sessment of each scenario. This chapter discusses the data used and the methods adopted
for this study. It breaks down the procedure used for each section in the corresponding
results chapter.
4.1 Data
The data used in this thesis are the raw hourly readings of the electricity generation
for the main island of Upolu in Samoa, broken down by source: diesel, hydro, solar and
wind. This data was available for the time period from the 1st January 2017 to the
1st January 2019. The data was obtained from a senior electrical engineer (Mr. Fata
Uelese), of the EPC (Samoa’s power company). The data was provided as Excel files
covering a month, with separate sheets for each day. For example, an Excel file for
January has 31 sheets. This data was extracted from individual files to a single Excel
file covering the two-year time period for this analysis.
The hourly demand for electricity is assumed to be the sum of all sources for each hour.
This hourly demand was used in this thesis as a basis to analyze future scenarios.
For computational purposes, new RE technologies that were installed towards the end
of 2018 were excluded from our scenarios (Samasoni and Tafitoala hydropower stations
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(Appendix B.3)). In our analysis we assumed the installed capacities for the power
generation technologies to be taken from the beginning of 2017.
4.2 Data Analysis
The total supplied electricity required for the study period is 266.3 GWh, and diesel
supplied 61% of this required energy. Therefore, removing the diesel supply results in a
total deficit of 162.3 GWh that needs to be met by renewable electricity supply.
As a first step, we carry out an analysis of our collected data to understand some of
its key features. A load duration curve [96], is a plot of the load(or required electricity
supply) data in descending order against time(usually in number of days or in percentage
of the time period). This can be used to provide an insight into the electricity demand
in Samoa over time. This enables a clear understanding of baseload and peak loads.
Baseload is the demand in MW most of the time, whereas peak load is the peak in
demand that often only occurs for a short period of time.
The daily electricity production in MWh was obtained from integrating the power gener-
ation from each source over a day. This is used to analyze the daily potential generation
of the different sources over the two year time period.
Analyzing the variable RE sources data such as solar and wind, was done by calculating
the daily power generation by each source for a year. Comparison between the two
sources for their potential and availability over a period of one year, was carried out
using a duration curve for daily generation by source (solar or wind) for a year. From
this analysis, we can then decide whether to consider increasing the installed capacity
of each RE source as part of a scenario. The details of this process will be discussed in
the later sections of this chapter.
4.3 Adopted Method
There are a number of different methods to investigate the introduction of renewable
energy options into an existing energy system [3, 5, 8, 12–14, 23, 27, 33, 36, 47, 53, 57,
66, 67]. Most of these studies consider tools that transforms the whole energy sector.
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Due to the data available, the research in this thesis focuses only on the electricity sector
of the main island of Samoa, the island of Upolu. For this study we adopted Mason et
al.’s [57] methodology. The reason this is discussed in the next paragraphs.
Mason et al. aimed to provide a power generation mix for a 100% renewable electricity
system in New Zealand. They used 30 minute resolution historical electricity supply
data for three years in New Zealand. To simulate renewable penetration, the fossil
fuel sources were eliminated from the data set and replaced with increasing amounts of
renewable resources such as wind through a series of scenarios until they achieved a 100%
renewable electricity supply. With variable renewable resources there are times of surplus
supply and also unmet demand. To account for this, Mason et al. carried out a detailed
balancing of variable supply and demand, and scenarios were adjusted to ensure that
both unmet demand and surplus supply were minimized over the study period (deficit
and surplus for two of the scenarios considered in their study are given in Fig. 4.1a &
4.1b ). The examples shown in these figures demonstrate the process of minimizing the
frequency and magnitude of surplus and deficit from various RE scenarios, in addition
to just considering the total energy and supply over the study period.
The importance of this method can be understood by considering a particular example
in Fig. 4.1 and 4.2. The addition of new wind power capacities plus the existing hydro
scheduling shown in Fig. 4.2a, has resulted in a significant frequency and magnitude of
surplus and deficit (Fig. 4.1a) over the time period. Allowing the existing hydro system
to compensate for wind variability (using hydro as a form of storage by supplying only
when wind generation is below demand), has improved the results of surplus and deficit
as shown in Fig. 4.1b compared to Fig. 4.1a. The storage level for hydro is observed to
be critically low at around the 600 days mark in Fig. 4.2b, due to the shortfall of the
variable wind at this time. Other scenarios by Mason et al. have further improved on
this scenario as well as avoiding the critically low level of hydro storage [56].
In their study, Mason and colleagues have specifically targeted a detailed balancing of
supply and demand and this approach was supported by Herd et al. [34] who compared
a variety of methods and tools discussed in Sec. 2.2. This approach captures one of the
key aspects of high renewable uptake and is therefore adopted in our research.
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Figure 4.1: Surplus and deficit generation: (a) Wind + existing hydro scheduling ;
(b) Wind + variable hydro scheduling [57]
Figure 4.2: Hydro lake storage levels:(a )Wind + existing hydro scheduling ;(b) Wind
+ variable hydro scheduling [57]
4.4 Modelling the Scenarios
The computational procedure used in this thesis is discussed in this section. This pro-
cedure was implemented using the MATLAB version R2018b software.
4.4.1 Demand
To begin with, we consider the hourly electricity demand to be equal to the sum of all
power supply sources at each hour and have called it Di. The power supply sources data
values are obtained from the beginning of the interval ‘i’ for each hour. We assume this
hourly demand will remain fixed for our new power system modifications.
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4.4.2 Supply
The current hourly supply is equal to the demand and is given by,
Soldi = SDli +HDi +HRi + Soli +Wi, (4.1)
where,
• Soldi is the current (old) supply which is equal to demand Di
• SDli is the electricity supplied by diesel internal combustion engines
• HDi is the dam type hydro supply
• HRi is the run-of-river type hydro supply
• Soli is the solar PV supply
• Wi is the wind supply.
These are all in mega-watts (MW) of electricity. To simulate a scenario, we remove the
diesel generation data and replace it with new supply for renewables. We use a simple
approach which consists of scaling the existing renewable supply by different amounts.
Our new supply equation becomes,
Si = fHD.HDi + fHR.HRi + fSol.Soli + fW .Wi, (4.2)
where, Si is the total supply from renewables, with factors fHD, fHR, fSol and fW , to
vary the contribution from the renewables in our simulation. For example, fSol = 2
means that we are considering a scenario where the installed capacity of solar is twice
the current capacity. Once these new RE sources are increased sufficiently, there will be
times when oversupply and under supply occurs. Therefore, we consider the equation,
Ei = Si −Di − Ti, (4.3)
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where, Si is the supply given by Eq(4.2) in a particular scenario, Di is the demand, and
Ti is the charging (Si > Di) or discharging (Si < Di) rate of electricity storage (which
we will discuss in more detail below). The value of Ei determines oversupply or “spill”,
(E+i : Ei > 0) or under-supply or deficit (E
−
i : Ei < 0)).
4.4.3 Storage Design
The available data on inflows for rivers and lakes, as well as the sufficient hydropower
capacity in New Zealand, has allowed hydro to operate as storage in Mason et al.’s. study
to compensate for the variable supply from wind. Such information (inflow data) is not
available in Samoa, and hydro power capacity may not be sufficient to compensate for
shortfalls from variable electricity supply. Therefore, we have opted to explicitly include
a model of storage for our scenario modelling.
We will call our simulated energy storage for our scenarios, the Potential Storage System
(PSS). We have assigned a potential PSS of 400 MWh (about a daily demand worth of
storage capacity) for our scenarios. This will later be altered in more detailed analysis.
This PSS is assumed to have a round trip efficiency of 64% [7] (stores 80% of charging
energy from surplus [charging efficiency, ηch] and discharges with only 80% useful power
[discharging efficiency, ηdc]) and a loss over time of 1% per day [92].
We have left this PSS unspecified in this analysis but it could be Battery Energy Storage
Systems (BESS) or Pumped Hydro Energy Storage based on its possibly for a country
like Samoa, as well as the maturity and the costs of the two technologies. Therefore, we
assumed a fixed round trip efficiency but have considered a range of capital costs(see
Sec. 2.1.6) in order to differentiate the two storage technologies as presented in Sec.
5.3.7.
We develop our equation for the time evolution of the state of “charge” or “discharge”
of the PSS, with initial conditions equal to zero when t = 0 and is given by,
dβ(t)
dt
= −γβ(t) + T (t) (4.4)
where
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• β(t) is the state of “charge” or “discharge” as a function of time (MWh)
• γ is loss over time ( 1h)
• T (t) is the excess RE supply to be stored or the supply from storage to meet unmet
demand, as a function of time (see Eq. 4.7) (MW)
For our discrete 1 hour time steps (∆t), this was implemented by
βi+1 − βi
∆t
= −γβi + Ti. (4.5)
Note that we have also run our simulations for ∆t = 0.5 hour and have found very close
agreement compared to ∆t = 1 hour for our simulations. This is due to our value of γ
which determines the decay in Eq. 4.5 being very small (1% per day), thus making the
1 hour time steps small enough to avoid any significant difference between the results of
two time steps. Rearranging Eq. 4.5 we get
βi+1 = βi − ∆tγβi + ∆tTi. (4.6)




ηch(Si −Di), for charging when Si > Di
1
ηdc
(Si −Di), for discharging when Di > Si
(4.7)
The storage charge or discharge state is bounded by, 0 < βi < βmax, where βmax is the
assigned storage capacity. This means that the charge (or discharge) rate Ti must satisfy
0 < βi − ∆tγβi + ∆tTi < βmax. (4.8)
If this condition is not satisfied (meaning storage is critically low and will go beyond
zero if there is further discharge, or storage capacity has been reached and it can no
longer store anymore), then Ti = 0.
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In the first case(when the condition in Eq. 4.8 is satisfied, storage must either charging
(S>D) or discharging (D>S)), Ei of Eq. 4.3 equals zero. In the second case(when the
condition in Eq. 4.8 is not satisfied), Ei results in either a spill (E
+
i ) or deficit (E
−
i ).
Fig. 4.3 presents an example of our simulation where RE supply Si consists of solar and
hydro, plus a 100MWh of storage. The chart shows a profile of two days (October 17
and 18), indicating a spill (at past 12:00 on Oct 17) on a good sunny day when storage
has reached its maximum capacity (Fig. 4.3). The storage state fell below the required
demand (at past 00:00 on Oct 18) and therefore it remains in that state until Si is
greater than Di. To allow a continuous supply of electricity to meet demand, we have
assumed that the deficits (E−i ) will be met by diesel.
Figure 4.3: Supply from RE, demand and storage
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Figure 4.4: Storage state for a 100MWh maximum capacity
Chapter 4 65
4.4.4 Scenarios
A number of scenarios were developed to investigate a pathway to achieve a 100% renew-
able electricity goal ensuring that demand at every single hour is met by supply. These
scenarios are conducted in three main steps. Step 1): we consider the combination of
solar plus storage; Step 2): a system of solar and hydro, plus storage, and Step 3): solar
and hydro without storage.
Solar PV was selected as a RE source after the data analysis (Sec. 5.1.3) due to its good
average generation over time compared to wind. As a starting point, a factor of fSol =
7.75 was chosen as it produced a result in which the total annual demand and the solar
PV supply are approximately the same. More specifically, the total demand for the two
years time period was 266.3 GWh, and solar PV supply when multiplied by 7.75 yields
278.9 GWh.
For step 1, we explore the potential of solar and storage not only to replace diesel (162.3
GWh) but to supply the total electricity demand for Samoa’s main island, with the
assistance from a 400MWh of storage. Factors for solar were incrementally increased to
produce different scenarios (1 to 3) while maintaining storage capacity.
In Step 2, we explore the potential of solar and hydro with the assistance of the 400
MWh storage system. Factors for solar were reduced for these scenarios, in order to
minimize spill and deficit. Factors for hydro were increased incrementally for different
scenarios but limited to doubling the current hydro capacity in order to consider realistic
scenarios. Scenarios 4 to 15 with 400 MWh explore step 2.
In Step 3, we explore the potential of solar and hydro only to replace or at least reduce
the shares of generation from diesel. Factors for solar were increased up to a limit of 5
times the current solar, to minimize surplus (absence of storage significantly increases
surplus). Factors for hydro were increased up to a limit of doubling the current capacity.
Scenarios 16 to 23 explore step 3.
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4.5 Scenarios Analysis
In this thesis we use a number of metrics to evaluate the performance of the scenarios.
The total demand as well as solar, hydro and storage generations are the accumulative
sum over the two years (17520 hours) in giga watts hours (GWh). From Eq. 4.3, the
accumulative sum of surplus (E+i ) over the two year time period is energy surplus,
whereas the accumulative absolute sum of E−i is unmet demand. Energy surplus and
unmet demand will be presented in GWh
The largest magnitude of either E−i or E
+
i at any specific hour, is captured and referred
to as Maximum Deficit (MW) and Maximum Spill (MW), respectively.
We have adopted an equation from Mason et al. [57] that calculates the penetration
of wind in the generation mix, and modified it to compute the percentage of renewable
electricity (PRE) in our generation mix. PRE, indicates the share of renewable energy







where ∆t is 1 hour. Intermittent RE sources are often partially utilized, therefore
electricity generation efficiency(efficient use of electricity produced from renewable re-
sources) will be referred to as system efficiency Peff(%), is the fraction of the sum of
power generation from renewables that actually meets demand, over its total RE supply,
which can be expressed in our developed equation as,







To indicate the shares of direct supply from hydro and solar in the RE power generation,
we calculate the ratio of the total energy by source to the actual RE supply required
by demand (i.e supply minus any spill). Therefore, we develop two equations (Eq. 4.11



























Note that this equation assume excess supply from solar is stored (Fig. 4.3), and that is
spilt once storage capacity is reached as indicated by the numerator(minus part) of Eq.
4.12.
Other measures include the Capacity Factor (CF) which is the ratio of the annual gen-
eration by a RE technology to its installed capacity multiplied by the number of hours




























• Winstalled wind power installed capacity (MW).
These equations are based on the equations from Kreith et al. [48].
We also carried out an estimate of carbon emissions using a factor for CO2 emissions for
diesel fuel(2.68 kgCO2-e/litre) from Ref. [58]. The average volume(in litres) of petroleum
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consumption by Samoa’s electricity generation(see Appendix C.2) was multiplied by this
factor to estimate the carbon emissions at base case. Emissions from the remaining diesel
that is required in our scenarios are calculated accordingly, and compared to the base
case(see Sec. 5.3.4).
4.6 Economic Analysis
One key feature for a scenario is its financial viability. For each scenario we estimate the
net present value (NPV), internal rate of investment (IRR) and levelized cost of energy
(LCOE) [48]. Equations for NPV, IRR and LCOE are from Kreith et al. [48].
NPV is a common method for determining the financial viability of renewable technology








• NPV is the net present value of the investment (US$)
• Bt is the benefits or savings from purchasing diesel (US$)
• Ot represents operation and maintenance costs (US$)
• Bt −Ot is the net cash flow or the sum of savings plus external revenue in year t
(US$)
• C is the capital cost (US$)
• r is the nominal discount rate (%)
• t is the year (where t = 0 is the start year of an investment, and t = 1 is the
following year and so forth)
• Y is the number of years (lifetime of the RE technologies)
A good investment is identified by a positive NPV value (NPV > 0), meaning that the
investor is making a good return from the investment whereas a negative value (NPV
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< 0) on the other hand, indicates a bad investment or simply a loss. The net cash flows
is the income minus costs for the year. The nominal discount rate contains both the
real discount rate and the inflation rate of the investment. This causes future cash flow
to be less valuable the further into the future they occur, taking into account the time
value and the interest rates of money [48]. This value of r varies and is determined by
the state/country and the status of the world market. In this thesis, we have used 5% as
an indicative rate. The sum of all these “discounted” cash flows over the total number
of years of the RE technologies, gives the NPV.
IRR is the value of r when equating NPV (Eq. 4.16) to 0 [48]. This was used to provide
additional analysis for financial viability which does not depend on a particular discount
rate. The higher the IRR the more attractive an investment is.
LCOE captures the cost of RE sourced generation per average unit energy it produces
over the assumed life of the RE technologies. This is often used to compare and contrast
one technology with the other. In this research, we will not compare between RE tech-
nologies but rather use LCOE to present an average cost for our scenarios in US$/MWh










where Qt is the energy in MWh/year produced by the RE technologies in each scenario.
Capital cost parameters for economic analysis were obtained from [29, 49] for storage,
and [41] for wind and solar power technologies.
Table 4.1: Capital costs for solar PV system, hydropower system and storage, includ-
ing assumed lifetime of these technologies and interest rate
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Table 5.3 shows the assumptions that were used in this analysis. Each cost of renewable
technologies and lifetime are the averages taken from [49] and [41]. The storage cost
represents the upper limit of pumped hydro storage and the minimum price for Chemical
Storage such as Batteries therefore this cost caters for both storage technologies(i.e
choosing between a high cost pumped hydro storage or a low cost battery storage).
Solar PV is assumed to have a operation and maintenance costs (O&M) of $10/kW
per year, whereas Hydro’s O&M cost is calculated from 2% of the total installation
cost per year [41]. These technologies have a lifetime that ranges from 20 to 30 years
(except for pumped hydro storage which can go beyond 50 years), therefore 20 years
lifetime was selected for this analysis(assuming a generic storage lifetime of 20 years).
The interest rate varies from time to time depending on factors such as the inflation
rate, therefore, for this study we have chosen 5% as a constant for indicative purposes
when it is required.
For cash flow calculations, we assume our savings to be the cost of replaced diesel. The
ratio of the cost of diesel to the electricity generated by diesel for Upolu per year is
US$0.24/kWh(see Appendix C.1). We will multiply this ratio by the amount of the
diesel that will be replaced by renewable generation in our scenarios per year. This
will estimate our savings(benefits(B)) per year, and our cash flows will be the difference
between savings and costs of operating these renewable technologies in our scenarios(see
results in Sec. 5.3.5.2).
4.6.1 Optimization and Sensitivity Analysis
We have also explored the RE penetration, system efficiency and NPV for scenarios with
storage, at a range of PSS sizes. We then optimize the PSS size to obtain the highest
NPV for each scenario with storage. We also analyze the sensitivity of the economic
results to changes in technology costs.
4.6.2 Comparison with using Environmental Data
In this section, we will present a quick assessment of our data compared against envi-
ronmental data. This type of analysis is normally based on environmental data such
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as solar irradiance and wind speeds either by carrying out measurements or retrieving
from international sources such as NASA [54].
Our method in contrast, uses the actual supply in watts(W) from EPC (Samoa’s elec-
tricity supply company), which is good because the values we use have considered the
technology’s efficiency and the conditions of the environment and locations where these
technologies are installed. However, the pros and cons of our data is presented in Ta-
ble 4.2. Therefore, our data is useful for quick assessment. In contrast, this data is
location restricted and can not be used to analyze RE potentials at different locations,
and different brands or models of technologies cannot be applied due to fixed efficiencies
compared to environmental data.
Table 4.2: Pros and cons of our data used, compared against Environmental data
4.6.3 Chapter Summary
The main aim for this chapter is to clarify the methods we have chosen to answer our
research questions (see Sec. 1.6) due to its ability to balance supply and demand, in
order to reduce energy spill and deficit. This methodology considers both technical and
economic assessments, and the results will be discussed in the next chapter.
Chapter 5
Results
In this chapter, we present the results of our analysis. In section 5.1 we present an
analysis of the time series of electricity demand and each renewable resource. This
shows the availability of each generation source as a function of time. In addition, this
section provides a base case for the scenarios that are considered in later sections. Sec.
5.2 contains the results of an analysis of a number of different scenarios. A comparison
of all scenarios is presented in Sec. 5.3. The results of an economic analysis of each
scenario are presented in sections 5.3.5 to 5.3.7, with our final results in Sec. 5.4.
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5.1 Data Analysis of the Electricity Generation Sources
for Samoa
This section presents an analysis of current electricity demand and supply in Samoa.
5.1.1 Daily Demand and Load Duration
Daily demand profiles help to understand the power consumption over the 24 hours
period of a day. Fig.5.1 and 5.2 show box and whisker plots for a daily profile of a
weekday and a weekend in Samoa, respectively. A box and whisker plot shows the
median value of a set of data and also provide an indication of variability indicated by
the upper and lower extremes and quartiles.
A number of useful details can be drawn from these figures. To begin with, the weekdays
profile (Fig.5.1) contains two peaks, one at mid-day and one in the evening. For most
of the time, the afternoon peaks are around 20 MW with an upper extreme value of
around 25 MW, while evening peaks are mostly below 20 MW with an upper extreme
below 25 MW. The mid-day peaks seems to drop to around the base load range in the
weekends (Fig 5.2) while maintaining evening peaks similar to weekdays.
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Figure 5.1: Daily profile of demand showing the upper extreme[95th percentile] (top
end of the dotted line), upper quartile (top end of blue box), the median (red line inside
the box), lower quartile[95th percentile] (bottom end of the blue box), lower extreme
(bottom end of the dotted line) and outlier (orange +) during weekdays for the two
year time period
Figure 5.2: (Note: box plot characteristics are the same as in Fig. 5.1) during
weekdends for the two year time period
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A load duration curve is a representation of demand over a period of time that enables
identification of baseload and peak load. Baseload can be determined from the demand
that occurs 80% to 90% of the time on a load duration curve. Fig.5.3 shows the hourly
load for power generation in the Upolu island of Samoa. It can be seen that, about 12
MW of load is required for 90% of the two year time period (17,520 hours). This is
referred to as the base load, whereas the peak loads are measurements beyond the base
load range. For example, a load > 15 MW occur approximately half of the time period
while > 20 MW peak load occurs about 12% of the time.
Figure 5.3: Load duration curve for electricity in the Upolu Island over two years (01
January 2017 - 31 December 2018)
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5.1.2 Generation by Source and Demand
The energy demand in MWh per day is presented in Fig.5.4. The number of weeks
can be determined by the crests which indicate the weekdays, and the troughs due to
weekend days. The dramatic reduction in demand seen in the chart in May and June
2017(where demand approximately equals to zero) is due to missing data for a whole
day or most of a day. The share of renewables and diesel in the electricity supply is
clearly shown with a high share of diesel compared to renewables. The raw hourly data
is presented in Appendix B.
It is apparent from Fig.5.4 and 5.5 that wind is quite insignificant (seems invisible in
charts) compared to other renewables due to its low installed capacity. Hydropower
generation displays large variability due to the high ratio of run-of-river (ROR) type
hydro compared to dam type hydro in Samoa (see Appendix B.1 and B.3). Solar power
generation has quite a significant share in the generation mix and it seems to supply
consistently throughout the two year time period.
Figure 5.4: Generation by source per day in 2017
A closer look into the weekly profile in MW is given in Fig.5.6. Demand during the
week shows a general pattern of daily routines reflecting when people use electrical
appliances. Throughout the week, as mentioned in earlier sections, peaks occur during
the afternoons and evenings of weekdays from (Jul 17 - 21), then the afternoon peaks
disappear during the weekends (Jul 22 and 23).
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Figure 5.5: Generation by source per day in 2018
The operation of each generating source can be observed from Fig. 5.6 as well. For
instance, hydro seems to be mostly utilized whenever it is available, but is reduced when
the demand is reasonably low (weekends). Diesel on the other hand, fills in the gap
between solar and hydro, and demand. It is used to meet the afternoon peaks, and
provides a greater fraction of supply for the evening peaks plus night time baseload.
Wind power’s contribution starts to show at this scale and its raw hourly data is given
in Appendix B.
Figure 5.6: Generation by source over one week
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5.1.3 Analyzing Variable Renewable Electricity Generation Source
The daily solar generation for a year shows that it is a promising electricity supply as
shown in Fig. 5.7. This figure illustrates that an average of about 20 MWh/day of
solar energy most days of the year (96% of the whole year), and an average of about
36 MWh/day is available for 82% of the year. This result emphasizes how regular solar
energy is in Samoa, as previously discussed in Chapter 3 when we presented the raw
data of solar irradiance.
Figure 5.7: Duration curve for daily electrical energy from the current Solar PV
installation for one year (2017)
Wind electricity generation per year is a less promising than solar generation as can be
seen in Fig. 5.8. This may be due to inadequate wind speeds in the current locations
most of the time or may simply be due to missing data (see Appendix B). Due to this
result and the lack of alternate data, it was decided to not consider wind in any of the
scenarios in this thesis.
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Figure 5.8: Duration curve for daily electrical energy from the current Windpower
installation for one year (2017)
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5.2 Scenarios
This section presents the scenarios for high penetrations of renewables in Samoa as dis-
cussed in Sec. 4.4.4. It also presents the results of analyzing the deficit and surplus
associated with these scenarios. If diesel is removed from the generation mix, this will
result in significant unmet demand. Fig. 5.9 shows a plot of the number of hours of un-
met demand (Deficit) and oversupply (Surplus) in MW during the two year time period
with diesel removed from the supply. These deficits were calculated using Equation 4.3.
In subsequent scenarios we will increase supply to meet these deficits.
Figure 5.9: Histogram (deficit-surplus frequency) plot of deficit and surplus for elec-
tricity supply minus demand over the period of 2 years, when diesel is removed the
supply mix
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5.2.1 Step 1: Solar plus Potential Storage
In this section, we consider a system of Solar PV generation plus a Potential Storage
System (PSS) to store excess energy for latter use.
5.2.1.1 Scenario 1: Solar x 7.75 plus 400 MWh Storage
In this scenario, the current solar installation (SI) is ramped up to match the total two
year time period energy demand. As a result, it requires 7.75 times the current SI in
order to supply(278.9 GWh) the total energy demand of about 266 GWh over two years
solely with solar PV. This scenario is specified by fSol = 7.75, fHD = 0, fHR = 0
and fW = 0 in Eq.4.2. However, due to both solar generation and demand variability,
an oversupply of solar generation during the day and under-supply in the evening is
observed. The sum of solar generation oversupply is approximately equal to the sum of
unmet demand.
Figure 5.10 shows the demand for a week and the current SI, which on its own is
far below the current demand. The current SI is then multiplied by a factor 7.75 to
produce the results in Fig.5.11. The solar generation can be clearly observed to be
aligned with the afternoon peaks during the weekdays (Fig. 5.11). The increase in
solar generation pattern has resulted in oversupply of power generation during the day.
This solar generation pattern continues during the weekends where afternoon peaks in
demand that were seen on weekdays have disappeared.
In order to enable solar to meet the rest of the demand, a potential storage system (PSS)
is considered.
Fig.5.12 displays the effect of storage when surplus from solar PV generation is stored
for later use. The storage capacity was selected based on its potential to store most
of the surplus and utilize it when required. Based on the deficit and surplus results
correlating to Fig. 5.11, a storage size of 400MWh was selected (see Fig. 5.14). Note
that this is approximately equal to the average daily energy required as shown in Fig.
5.4.
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Figure 5.10: Weekly profile for a currently installed solar
Figure 5.11: Weekly profile for a Scenario 1 without storage (Note: excluded data is
greyed out in legend)
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From Fig. 5.12, we can see that evening peaks or part thereof, are now met by the
stored solar energy.
Figure 5.12: Weekly profile for Scenario 1: solar times 7.75 plus a 400MWh storage
system
The size of the storage system has an important impact on how much contribution solar
can make to the evening peak and therefore how renewable the energy supply is. Fig.
5.13 shows the trend of the renewable electricity as a function of PSS size. Starting
from zero, the graph shows that without storage, multiplying the current SI by 7.75 for
a ’solar only system’ gets the renewable electricity to around 45%, and the remaining
can be met by a diesel generator, for example. The increase in storage (PSS) size causes
a rise in the percentage of renewables until it reaches a plateau at 400 MWh with 81%
of renewables in the generation mix for Scenario One.
Fig.5.14 and 5.15 display the difference between Scenario 1 without storage (Fig.5.14)
and with the 400 MWh storage (Fig.5.15) in terms of surplus (oversupply/spill) and
deficit (unmet demand).
It is obvious from Fig.5.14 that solar PV generation without storage has a very high
frequency for deficit in the base load (between 9 and 15 MW). The fact that there is no
base load supply has caused this result. The frequency for peak load (18 to 24 MWH)
is quite low due to solar PV generation meeting the afternoon peaks, and the remaining
peak load deficit is due the evening peaks. The surplus on the other hand, has gone
beyond 50 MW of spilled power due to absence of storage.
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Figure 5.13: Renewable percentage as a function of potential storage system size
Figure 5.14: Deficit-surplus frequency plot of supply minus demand for a Scenario 1
(solar times 7.75) without storage
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Fig. 5.15 shows an improvement in the results of Fig. 5.14 when scenario 1 is coupled
with a 400 MWh PSS. Frequencies of deficit and surplus at all powers have been reduced
by around 50% for two year time period.
Figure 5.15: Deficit-surplus frequency plot of supply minus demand for Scenario 1:
Solar times 7.75 plus 400 MWh Storage
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5.2.1.2 Scenario 2: Solar x 10 plus 400 MWh Storage
Scenario 2 is obtained by multiplying the current solar installation (SI) by a factor of
10 (fSol = 10, fHD = 0, fHR = 0 and fW = 0 in Eq. 4.2). This is based on ensuring
adequate storage given our assumption that storage has a round trip efficiency of 64%
(see Sec. 4.4.3). Increasing the fSol will account for the losses considered in the potential
storage system design. Fig. 5.16 shows the change in a weekly profile where more of the
evening peaks and base load are met by renewables compared to the scenario in 5.2.1.1.
Fig.17 shows that for this scenario, the deficit has reduced but the surplus has increased
compared to Scenario 1.
Figure 5.16: Weekly profile for scenario 2: solar x 10 plus 400 MWh storage
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Figure 5.17: Deficit-surplus frequency plot of supply minus demand for Scenario 2:
solar x 10 plus 400 MWh storage
Chapter 5 88
5.2.1.3 Scenario 3: Solar x 15 plus 400 MWh Storage
The third scenario is obtained by multiplying the current SI by 15, plus 400 MWh of
storage (fSol = 15, fHD = 0, fHR = 0 and fW = 0 in Eq. 4.2). In this scenario
the weekly profile shows that, all of the evening peaks as well as base load are met by
supply (Fig. 5.18). In addition, the solar PV generation is sufficiently abundant that
storage starts spilling excess power generation when the 400 MWh capacity is reached.
A significant decrease in the frequency of deficit however, surplus is getting larger (>50
MW) in magnitude (Fig. 5.19).
Figure 5.18: Weekly profile for scenario 3: solar x 15 plus 400 MWh storage
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Figure 5.19: Deficit-surplus frequency plot of supply minus demand for Scenario 3:
solar x 15 plus 400 MWh storage
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5.2.2 Step 2: Solar, Hydro plus Storage
We also considered a number of other scenarios that include solar, hydro and storage.
Details are provided in Table 5.1 and Appendix D. scenarios 4, 5 and 6 added current
hydro to scenarios 3, 2 and 1, respectively. Scenarios of current hydro and reduced solar
were then considered.
The factors (fHD and fHR ) considered for increasing the current hydro were based
on a realistic assumption for a small island nation such as Samoa. This was to avoid
the over-exploitation of such resource. Therefore, hydro was increased by 50%(scenarios
12 and 13) and 100%(scenarios 8 and 9) of its current run-of-river (ROR) type. The
same factors were applied to the dam type hydro generation which will be presented in
scenarios 10, 11 ,14 and 15 (see Table 5.1). Solar and hydro plus PSS, have minimized
energy spill compared to scenarios 2 to 6 (see Fig. 5.21). Results of analysis of these
scenarios will be discussed in Sec. 5.3 and figures are in Appendix D.
5.2.3 Step 3: Solar and Hydro without any Potential Storage
We also considered scenarios without storage (scenarios 16 - 23, see details in Table 5.1).
The limit for increasing hydro is the same as the previous scenarios (8 - 15), where an
increase beyond doubling the current hydro installation is considered to be impractical.
We start by increasing the current solar by 2, with current hydro in scenario 16. A
further increase of solar by letting fSol = 5 will result in a very high energy spill (see
Fig. 5.21, scenario 18). These results are discussed in Sec. 5.3.2.
Table 5.1 presents the input parameters, and the operational capacities of each RE
technology for all the scenarios we have considered.
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Table 5.1: Inputs parameters for scenarios with 400 MWh storage and scenarios
without, showing the factors(fSol, fHD, and fHR) for increasing solar and hydro, as
well the operational capacity (MW) a scenario would require
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5.2.4 Scenarios Summary
Table 5.2 presents a summary of all the scenarios investigated in this study. Factors(fSol,
fHD, and fHR) associated with each renewable contribution are classified into solar,
hydro (dam type) and hydro (run of river type) which were discussed in Sec.4.4.2. Note
that we have excluded the wind data due to its small contribution to the generation
mix. As discussed in Sec. 5.1.3, the wind resource is not considered in the scenarios in
this thesis. The table also presents the shares in percentages of electricity generation
from the RE source considered in the 23 scenarios compared to the base case scenario
for the two year time period.
The capacity factor (CF) for solar and hydro indicates the energy that is utilized from
the installed capacity for each source over a period of time (see Eq. 4.13 and 4.14).
The current CF for Solar is 13.7%, and hydro is 37.8%. Diesel has a CF 30.4% and
wind is quite low with only 2%, which are neither included in Table 5.2. Interestingly in
the scenarios we considered, CFs for both solar and hydro decrease. This is due to the
fact that despite the increase in operational capacity by these factors, the useful direct
supply required is limited by the demand at that instant. In other words, due to our
definition of the CF(see Eq. 4.13 and 4.14), it is referring to the instant supply by hydro
or solar and does not include energy stored and discharged.
Shares of solar, hydro and PSS in the RE generation system are also presented in Table
5.2. Energy spill(GWh) is the amount of excess electricity generation from RE generation
the PSS could not store, and maximum spill(MW) is the highest electricity produced
by RE generation(in a particular hour) that could not be stored during the two year
time(see Sec. 4.5 and Eq 4.3). Unmet demand(GWh) is the sum of the remaining
demand that could not be met by our RE scenarios(including PSS). Maximum deficit
(MW) is highest instant demand(at a particular hour) that could not be met by our
scenarios during the study period(see Sec. 4.5 and Eq 4.3). We have assumed that the
unmet demand will be supplied by a stand-by diesel generator. More detail on these
results will be discussed in the next section(Sec. 5.3).
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Table 5.2: Results for scenarios with 400 MWh storage and scenarios without storage,
showing the factors(fSol, fHD, and fHR), capacity factors(CF(%)) of solar and hydro,
the shares(%) of RE in each scenario, the total electricity generation(GWh), energy
spill and unmet demand (GWh), maximum spill(MW) and maximum deficit (MW) of
each scenario including base case, for two years
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5.3 Scenario Analysis
This section compares the results of the different scenarios.
5.3.1 Percentage of Renewable Electricity and System Efficiency
Fig. 5.20 shows the percentage of renewable electricity and system efficiency calculated
using Eq. 4.9 and Eq. 4.10, respectively, for the 23 scenarios and the current base case.
The base case scenario shows the current electricity generation system where 60% of
the power generation was from diesel. Scenarios (1 to 23) with and without storage
have significantly increased RE penetration from the 39% RE of the current power
generation mix, up to a range of 50% to 99%. Scenarios 1, 7, 8, 9 and 11 to 16 are
quite efficient(in terms of utilizing renewable electricity ( see Eq.4.12) which is above
90%) with renewables penetrations between 80% and 95%, except for scenario 16 which
is around 50%. Scenarios 3 to 6, and 10 have high renewable shares between 95 and 100
percent with system efficiencies between 45% and 87%.
Figure 5.20: Percentage of renewables(PRE(%) [wide bars]) and efficiency(Peff(%))
for each scenario compared to the base case (Note: with(w/) and without(w/o))
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5.3.2 Spill and Deficit
Fig. 5.21 compares the total amount of surplus of renewable energy (energy spill) and
the total amount of deficit that was not met by renewables (unmet demand) for each
scenario over the two years. Deficit is considered to be met by a dispatchable source
such as a diesel generator.
Scenarios with storage are observed to have less unmet demand than those without
storage. In addition, scenarios (3, 4 and 5) plus storage that have almost zero deficit,
but have the highest energy spill. This is due to the very large amount of solar generation
in these scenarios that is unable to be utilized or stored.
Figure 5.21: Total energy spill and deficit for each scenario over the two year time
period
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5.3.3 Renewables and Efficiency as a function of storage
It is clear from the previous section that a storage capacity of 400MWh can have a large
effect on the scenarios. Therefore in this section we consider the various scenarios 1 to
15 with different amounts of storage.
This section presents the shares of renewable electricity (PRE)(see Fig. 5.22) and system
efficiency (Peff)(see Fig. 5.23) using Eq. 4.8 and 4.11, respectively, for these 15 scenarios
as a function of storage size. From Fig. 5.22 scenarios 1 to 15 have an increasing shares
of PRE with respect to increasing PSS size. This trend flattens at different PSS sizes
with a range of 150 - 350 MWh for each scenario. Most of these scenarios reach a
maximum PRE of 80% to 100%.
Fig 5.23 shows a similar trend with a maximum Peff that ranges from 40% to almost
100%.
In some cases, high PRE values do not coincide with high efficiency. For example,
Scenario 4 has the highest range of RE with respect to PSS size, but is the least efficient
of the RE systems. In contrast, Scenario 13 has one of the lowest RE shares (second to
Scenario 1) at optimum PSS( PSS that optimizes PRE), but has the most efficient RE
system compared to the others. These results demonstrate a general trade-off between
system efficiency (Peff) and renewables percentages (PRE).
Figure 5.22: RE percentage for scenarios with storage as a function of PSS size
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Figure 5.23: Efficiency percentage for scenarios with storage as a function of PSS size
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5.3.4 Carbon Emissions
To present indicative comparisons of carbon dioxide emissions from scenarios, carbon
emissions calculations are based on direct emissions from the combustion of diesel for
electricity generation. Emissions from transporting diesel fuel or other life-cycle emis-
sions are neglected. To estimate the carbon emissions from our scenarios, we multiply
the average volume(in litres) of diesel consumption by Samoa’s electricity generation of
23 million litres per year(see Appendix C.2)[69], by the factor of carbon emission for
diesel fuel(2.68 kgCO2-e/litre) from Ref. [58](see Sec. 4.5). Therefore, carbon emissions
at base case by diesel during the two year time period is equivalent to 123,280 tCO2-e.
The percentage of diesel that is required in our scenarios to meet deficits will estimate
the only carbon emissions from our scenarios.
Fig.5.26 shows the comparison in carbon emissions for each scenario by replacing diesel
by renewable sources and assuming any deficit is met by diesel. Carbon emissions
from scenarios with storage (Scenarios 1 - 15), are observed to be significantly reduced
to 30%(Scenario 1) down to 1%(Scenario 4), compared to the scenarios without stor-
age(Scenarios 16 - 23). Note that the embodied carbon emissions from the installation
and operation of the renewable energy generation in these scenarios have not been ac-
counted for.
Figure 5.24: Percentage of carbon emission for each scenario compared to base case
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5.3.5 Economic Analysis Results
This section presents the results of an analysis of the economics of each scenario. Sec-
tions 5.3.5.1 presents the total capital cost of each scenarios, 5.3.5.2 the cashflow and
costs (due to operation and maintenance), and 5.3.5.3 the Net Present Value. In Sec.
5.3.7.4, we present an analysis of capital cost and NPV as a function of renewable en-
ergy penetration. We vary the PSS capacities for each scenario to optimize NPV in Sec.
5.3.6. As the results are sensitive to capital cost assumptions, we present a sensitivity
analysis around some of the assumptions in Sec. 5.3.7.
The economic assumptions used in this analysis are described in the Methodology Chap-
ter (Sec. 4.6).
5.3.5.1 Total Capital Cost of Each Scenario
The figure below illustrates the capital costs for each scenario. It is apparent from the
figure that scenarios with storage have high capital costs that range from 200 to 370
million US$. Capital costs for scenarios without storage have a low range of 20 to 70
million US$.
Figure 5.25: Capital Costs for each Scenario
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5.3.5.2 Income and Costs
The cash flow associated with each scenario is the savings calculated from the annual
costs of diesel that is displaced minus operation and maintenance costs (O&M) of the
new technologies considered in each scenario (Eq.4.15). The savings and costs of each
scenario are shown in Fig. 5.26. Scenarios 1 to 15 have shown promising cash flows
compared to the rest of the scenarios. This is due to the ability of the storage system
to meet demand that would otherwise be met by dispatchable sources such as a diesel
generator. The calculation of cost savings from replacing diesel is given in Appendix C.
Figure 5.26: Savings for each scenario and operation and maintenance costs per year
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5.3.5.3 Net Present Value (NPV)
The Net Present Value (NPV) as presented in Sec 4.6 is used to asses the economic
viability of these scenarios and is calculated using Eq.4.17. Fig. 5.27 shows that most of
the scenarios with 400 MWh storage have negative NPVs illustrating that these scenarios
are not economically viable under current conditions. This is due to the high capital
cost of storage in these scenarios. Scenario 11 seems to be the only economically viable
option with Scenario 10 close to zero but still in the negative NPV zone. On the other
hand, all of the scenarios without storage have positive values for NPV.
Figure 5.27: NPV for each scenario
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5.3.5.4 Capital Cost and NPV as a function of Renewable Electricity Pen-
etration
In this section, a comparison between capital cost and NPV and PRE will be investi-
gated. Fig. 5.28 presents capital cost versus PRE for each scenario and scenario with
storage. The base case scenario shows the current status of PRE which is about 39%.
It can be seen from this chart that the high PRE is associated with high capital cost as
well. For example, Scenario 4 is the closest to 100% PRE with the highest capital cost
of 370 million US$. Scenarios that cost between 200 to 250 million US$ have a PRE
range of 82% to 97%. The scenario with the lowest capital cost of 20 million US$ has
an estimated PRE of 51% over the two year time period.
Figure 5.28: Capital vs PRE for each scenario with 400MWh and without storage
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Fig 5.29 shows NPV vs PRE. It is apparent from Fig. 5.29 that most of the scenarios
with 400 MWh storage have negative NPVs which means that they are not economically
attractive. Scenarios without storage have positive NPVs. However, the highest RE
share these scenarios can achieve is 68% (Scenario 22).
Figure 5.29: NPV vs PRE for each scenario
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5.3.6 Varying Storage Size to Optimize NPV
In the previous sections, the NPVs for most scenarios with 400 MWh of storage were not
economically viable. Therefore, this section focuses on optimizing NPV by considering
a range of storage sizes for scenarios 1 to 15. The results are presented in Fig. 5.30.
This figure shows the trends of NPV for each scenario (Scenarios 1 to 15) on a range of
storage sizes. From Fig. 5.30 we can see that, only five out of 15 scenarios continue to
have negative NPVs for the whole range of storage. Scenarios 6 to 15 all have positive
NPVs for some range of storage size.
Figure 5.30: NPV as a function of storage size for scenarios 1 - 15.
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The NPV and capital costs after choosing the optimum size of storage are presented in
Fig. 5.31 and 5.32. These should be compared with Fig. 5.25 and 5.27. The shift to
positive NPV arises from reductions in capital costs due to the down-scaling of the PSS
from 400 MWh to the appropriate size that optimizes the NPV. Note that the capital
cost and NPV of scenarios without storage has not changed in these graphs.
Figure 5.31: NPV after optimizing storage size for each scenario (optimum storage
for each scenario (1-15) is given in MWh)
Figure 5.32: Capital cost after optimizing storage size for each scenario
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Other tools of determining the economic viability include levelized cost of energy (LCOE)
and internal rate of return (IRR) as presented in the Methodology chapter (Sec. 4.6).
Fig. 5.33 presents the LCOE or the price(excluding state tax) per kWh for each scenario
(after optimizing for storage). An indication of the current electricity tariff is also shown.
Fig.5.34 shows the IRR for each of the scenarios after optimizing for storage. The IRR
Figure 5.33: Levelized cost of energy for each scenario with optimal storage
allows investors and decision makers to estimate their return on investment in projects.
Scenarios with high IRR are considered to be economically attractive.
Figure 5.34: IRR for scenarios with positive NPV after optimizing for storage
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Fig. 5.35 presents the changes compared to Fig. 5.29 once storage size is optimized.
This chart is quite revealing in two ways. First, most of the scenarios that were on the
negative side of NPV are now on the positive side. Second, the PRE of each scenario
with storage has been reduced in order to achieve on optimum NPV.
Figure 5.35: NPV vs PRE for each scenario after optimizing storage size
Chapter 5 108
5.3.7 Economic Sensitivity Analysis
In this section, we carry out a sensitivity analysis of the economics of the scenarios with
a PRE of 80% and above. These include Scenarios 6 to 15 with optimal storage. The
economic sensitivity analysis is based on considering a range of capital costs for these
renewable energy technologies. Table 5.3 provides the costs that were considered for
each analysis from A to D, compared to the originally assumed costs.
Table 5.3: Assumptions for the economic sensitivity analysis
In each analysis, the costs of technologies such as PSS and Hydro are varied between their
maximum and minimum limits. The cost of solar is kept constant as it is experiencing
a downward tend compared to other technologies (see Chapter 2, Sec. 2.1.2).
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5.3.7.1 Analysis A
In this section, the cost of PSS is increased to 400 US$/kWh which is the estimated
average of chemical storage such as batteries, and a very high cost for a hydro pumped
storage. Fig. 5.36 displays a range of NPV as a function of PSS, with capital, LCOE
and PSS of the maximum NPV of each scenario in Table 5.4.
Figure 5.36: Analysis A, NPV vs PSS
Table 5.4: Table A
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5.3.7.2 Analysis B
In this section, the cost of hydro is increased to 3000 US$/kW which is the estimated
maximum for a hydro project plus PSS at 400 US$/kWh. Fig. 5.37 displays a range of
NPV as a function of PSS, with capital, LCOE and PSS of the maximum NPV of each
scenario in Table 5.5.
Figure 5.37: Analysis B, NPV vs PSS
Table 5.5: Table B
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5.3.7.3 Analysis C
In this section, the cost of hydro is kept at 3000 US$/kW, and 200 US$/kWh for the
cost of Batteries as projected in some studies (see Sec. 2.1.6). Fig. 5.38 displays a range
of NPV as a function of PSS, with capital, LCOE and PSS of the maximum NPV of
each scenario in Table 5.6.
Figure 5.38: Analysis C, NPV vs PSS
Table 5.6: Table C
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5.3.7.4 Analysis D
In this section, the cost of hydro is brought down to its average of 1500 US$/kW, with
PSS costs at 200 US$/kWh. Fig. 5.39 displays a range of NPV as a function of PSS,
with capital, LCOE and PSS of the maximum NPV of each scenario in Table 5.8.
Figure 5.39: Analysis D, NPV vs PSS
Table 5.7: Table D
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5.4 Final Results
This section presents the scenarios and storage capacities that are considered to have
not only a high share of renewables(PRE) but also are economically viable with a high
positive NPV. Table 5.7 presents a brief summary of the scenarios that were selected
out of the 23 scenarios in our simulation. The shares of renewables plus storage have
slightly reduced due to the down sizing of storage from 400 MWh (Fig. 5.35) in order to
optimize NPV (as demonstrated in Sec. 5.3.6). Economic analysis values such as NPV,
Capital, and LCOE are based on the assumptions provided in Table 4.1.
Scenarios 6 (fSol = 7.75, fHD = 1, fHR = 1 and fW = 0) with 180 MWh storage,
has the highest upfront cost due to the high capacity of new solar PV (116 MW) and
storage required, without any changes to hydropower capacity (see Table 5.1). Scenario
22 (fSol = 3, fHD = 2, fHR = 1 and fW = 0), has the least upfront cost due to the
absence of storage, and an increase of three times the current solar , as well as doubling
the current dam type hydro (adding 2 x 4MW hydropower generators).
Scenario 10 with 130 MWh storage has a similar PRE and system efficiency as Scenario
6. The highest NPV is achieved by scenario 11 with 110 MWh storage while the most
attractive LCOE and IRR is scenario 22.
Table 5.8: Final results
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Discussion
This study set out with the aim of exploring the transition of the current electricity
generation system of Samoa to 100% RE sources using simulation tools. The simulation
methodology adopted uses time series (1-hour resolution) data of electricity demand
and generation by source such as diesel, hydro, solar and wind, collected from Samoa’s
state-owned power company. The key question in this research is: (1) Based on the cur-
rent status of the renewable energy technologies, the available energy resources and the
current electricity generation required, can Samoa achieve a 100% renewable electricity
system? This led to a number of related questions: (2) Which renewable options are the
most suitable? (3) How should variability be dealt with? (4) What are the trade-offs
between renewability, efficiency and financial costs?
6.1 Overview of Results
The overall finding of the study was that it is technically feasible to achieve an electricity
system with a high percentage (>90%) of renewables. This was achieved through a
combination of solar PV, hydro and electricity storage.
This study has confirmed that Samoa has excellent solar resources (see Sec. 3.4.4). This
finding is consistent with results found for other countries that have similar geographic
latitudes such as Australia [23] and Brazil [27]. In addition, solar power availability for
Samoa matches well with daytime peak loads on weekdays (Fig. 5.1). A similar pattern
is observed in other pacific island countries [42, 51]. Night-time peak loads for both
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weekdays and weekends (Fig.5.1 & 5.2) presents a challenge for solar PV and storage
options are necessary if solar makes up a large percentage of supply.
Hydropower complements solar by supplying baseload. The current installed hydropower
capacity of 12.53 MW (end of December 2018 (see Appendix B.3), when all hydropower
stations are connected to the grid), which could provide baseload supply (around 12
MW from Fig. 5.1 & 5.2). However, this is dependent on resource availability (may
only operate around full capacity during wet season), as 68% of hydropower stations
in Samoa are run-of-river. Similar findings on resource availability of hydropower to
complement for variable sources are found in Ref.[46, 56, 57]. Surprisingly, analysis of
current installed windpower generation showed it to be a poor resource. This aligns
with an early assessment in Ref.[95]. The capacity factor for the current wind power
installation for Samoa was calculated to be 2%, which is not in the range of considered
capacity factors for wind power (Fig. 2.9). This result is in contrast with a feasibility
study on wind for Samoa revealing a capacity factors of 20% [81], and an estimated
capacity factor of 22% that was used in the techno-economic study for Samoa by ITP
[42]. In contrast, in New Zealand wind resources are considered a key resource due to
a high capacity factor of 40% [57]. Due to this finding from actual operating turbines
and also the lack of other detailed wind speed data, windpower was not considered in
any of our scenarios. Between the two variable resources, solar seems more promising
for Samoa compared to wind. Capacity factors for solar and hydro for Samoa were
calculated to be 13.7% and 37.8%, respectively. These values fall in the good range as
shown in Fig. 2.7 and Fig. 2.5.
Our detailed scenario analysis of demand and supply time series shows that a mix of
solar PV and hydropower, combined with storage, have shown very high penetration
of RE (99%). Energy storage was found to be key to achieving high renewables in the
scenarios due to the variability of the resources and temporal mismatch with demand.
This supports the findings in Ref. [3, 14, 23, 57, 66]. Their findings in summary, sug-
gests that intermittent RE sources such wind and/or solar PV balanced by the existing
hydroelectricity and biomass, plus storage in the form of a concentrating solar power
[3, 23], or pumped hydro energy storage[57] or smart charging of electric vehicle during
daytime working hours [66], could achieve a country’s 100% renewable electricity target.
One of the most interesting findings from our research was that the storage capacity
required for this high penetration is <400 MWh which is equivalent of about a day’s
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worth of storage as shown by Scenario 4 in Fig. 5.20. In other countries such as New
Zealand and Australia, storage was aimed to meet seasonal variations, such as winter
peak demands and shortage of supply from wind, which requires interseasonal storage
[23, 57]. This difference results from the small interseasonal variation in demand and
solar PV supply in Samoa.
To achieve this very high RE penetration, however, it would cost a significant amount
of energy spilled(see Fig. 5.20 and 5.21, Scenario 3 and 4), and the cost of a 400
MWh storage system is not yet economically attractive as shown by its negative NPV
(Fig. 5.29, Scenario 3 and 4). Optimizing storage size(reducing storage capacity) to
improve economic viability is necessary, despite trade-offs such as a slight reduction in
RE penetration and a slight increase is “spilt energy” (which yields a drop in Peff)in
electric systems. For example, let us consider Fig. 5.20, Scenario 6 with 400 MWh(Peff
of 85% and PRE of >95%) and compared with Table 6.1, Scenario 6 with optimized
storage of 180 MWh(Peff of 78.9% and PRE of 92.5%).
Economic analysis for renewable energy transitions is very crucial for decision making.
Net Present Value (NPV) is one of the economic tools that was considered in this study
to determine the feasibility of our scenarios based on their lifetime. The results show that
almost all the scenarios we have considered with storage of 400 MWh have a negative
NPV (Fig. 5.29). Therefore, we varied the storage capacity to optimize NPV, and
have found that 10 out of 15 scenarios with storage have an optimum NPV at different
storage capacities (Sec. 5.3.8). All three scenarios that were modelled in Step 1 (solar
plus storage), continued to have negative NPV despite varying storage capacities. Final
promising scenarios were selected from Step 2 (solar and hydro plus storage; Scenario 6
plus 180 MWh of Storage and Scenario 11 plus 110 MWh of Storage) and Step 3 (solar
plus hydro; Scenario 22) as shown in Table 6.1. These scenarios all have high renewable
energy supply (∼90%), high efficiency and positive NPV, and have maintained positive
NPV in our economic sensitivity analysis(see Sec. 5.3.7).
Previous studies of Samoa have suggested that an electricity generation mix consisting
of a 4MW biomass power supply, solar PV, and windpower with 11.5 MWh of battery
storage, would increase the 2013 RE penetration from 33% to 76% at a reduction of
LCOE from US$0.25 to US$0.24, with none of the options suggested getting a positive
NPV for the island of Upolu [42](see Sec. 3.6). The final proposed biomass power
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capacity has subsequently been reduced to 0.5MW in the recent 2017 IMPRESS report
[102] despite a much larger capacity of 12 MW suggested in the INDC 2015 report [70].
Our research suggests otherwise. Based on analysis of actual supply and demand as well
as a careful consideration of surplus from RE resources our proposed options are based
on an electricity generation mix of solar, hydro and storage (Table 6.1). In these options
RE penetration has increased from 39% to 92%, with LCOE of US$0.12/kWh compared
to the current average electricity tariff of US$ 0.29/kWh. Our LCOE does not include
tax and other costs to be considered in connecting these new technologies on the grid,
but it is definitely less than the average cost of electricity produced from diesel of US$
0.24/kWh (see Appendix C). Comparing LCOE and NPV of our results with the ITP
consultant report [42] is not applicable due to the difference in interest/discount rate
used and the prices of technologies during each study. However, the IRRs calculated for
the current study are all higher than the generation options in the ITP report[42].
Table 6.1: Final selected scenarios
The shares of these renewables in our simulation for the two year time period are pre-
sented in Fig. 6.1 with a total energy over the two year time period of 266.3 GWh. If we
consider diesel generation to make up for unmet demand, then these scenarios reduce
carbon emissions to 53% down to 6% of that from the current power generation (Sec.
5.3.4).
A 100% renewable electricity generation would optimize the reduction in GHGs emission
for our systems. However, as our results show, to solely focus on 100% renewable elec-
tricity and optimal reduction in GHGs emission would result in our scenarios becoming
not feasible economically .
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Figure 6.1: Total energy(226.3 GWh) shares from power generation sources over two
years. Note: Storage refers to stored excess solar plus hydro energy
6.2 Solar, Hydro, Biomass plus Potential Storage
A further increase of renewable power generation could be achieved by replacing the
remaining diesel portion shown in Fig. 6.1 with biomass electricity generation options
in the three proposed scenarios (the remaining diesel shown in Fig. 6.1 (b) is 20.1 GWh,
(c) is 31.8 GWh and (d) is 85.7 GWh). A previously proposed 2 x 250 kW biomass
gasification power plants are claimed to be able to provide the grid with 2.25 GWh/yr
[102]. To completely replace diesel would require significantly more biomass generation.
This option has not been explored in detail in this thesis.
In addition, other options for generating electricity from solar resources such as concen-
trated solar power should also be considered. This study did not explore this option.
In terms of how our scenarios would influence the environmental and ecological systems
of Samoa, we argue that solar has a minimal impact while hydro may have a large impact
which would be important to investigate in future research.
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6.3 Decentralized Power Generation System
So far, we have not specified where the solar PV is to be installed in our scenarios. Two
options are centralized plants or distributed rooftop solar PV. This section investigates
the number of houses and the potential roof top area required for the distributed options.
Due to lack of information, we only make a rough estimate of the required roof area.
From the current solar installation for Samoa (Appendix B.4), we can estimate the ratio
of area to system size for the current solar installation is 0.01 km2/MW (this ratio is
similar to manufacturer values of 0.02 km2/MW[74]). This rate is used to calculate the
area required for new solar installations.
If we assume that the average roof dimensions for a three bedroom house are 100 m2
[80], and we install solar panels that occupy 50% of this roof space, then we can estimate
the number of houses for a decentralized solar system. A 1 kW solar PV system utilizes
an area of 10 m2 [98], therefore, these systems on rooftops would be around 5KW solar
PV. Fig.6.1 presents an estimated number of houses for rooftop solar PV. This chart,
shows that the highest solar installation would require 45000 houses (Scenario 3 and 4)
and the lowest would require about 6000 houses (Scenario 16). Table 5.2 displays the
recent statistics on houses for Samoa, in the island of Savai’i and different regions of
the main island Upolu [88].The total number of houses in Upolu from the Apia Urban
Area (AUA), North West Upolu (NWU) and Rest of Upolu (RoU), is 38356. Therefore,
the current roof spaces for Samoa may have the potential for decentralized solar PV
systems, except for extreme cases such as scenarios 3 and 4.
One potential advantage of a distributed option is resilience to extreme weather events.
This would be a good area to explore in future work.
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Figure 6.2: Total number of houses required for a 5kW solar PV system to meet
scenarios new solar installations
Table 6.2: Number of houses by type of buildings and regions,2016 [88]
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6.4 Storage Technology Options
The analysis in this thesis has highlighted the importance of storage technologies in
achieving high renewables penetration in Samoa. In our scenarios we have largely kept
the storage options unspecified. Low cost storage is important for the economic viability
of the scenarios. In this section, we explore some possible storage options.
Samoa has the capacity for pumped hydro energy storage. An early proposal identified
a site that could store 3.5 million m3 of water at about 725 m above sea level [108]. In
addition, the Afulilo dam stores 10 million m3 at around 310 m above sea level. The
combined potential of these two reservoirs for storage (5000 MWh, see Appendix C.3)
appears to be greater than a day’s worth of electricity demand for Samoa which is the
scale of storage in our scenarios. However, data on inflow rates is unavailable for these
resources and we cannot confirm their potential for proposed storage.
In addition, the impacts of extreme rainfall and tropical cyclones make utilization of
such a resource for potential storage questionable. As an example, Cyclone Evan caused
significant damage to some of the run-of-river hydopower stations. This also has a
great impact on the communities around these hydropower stations due to a significant
damage to properties experienced in 2012 [110].
Other storage technologies such as battery energy storage systems are currently being
introduced in the electrical network in Hawaii, and price of this technology is rapidly
reducing compared to previous years [29]. Samoa has also recently installed a battery
energy storage system in 2018 with a total potential of 13.4 MWh [75].
Charging electric vehicles during excess supply is another way of storing electrical energy
during excess solar supply [66]. This can be introduced into the islands for minimizing
grid storage spills, as well as to link the power and transport sectors through electrifi-
cation. New Zealand is trialing electric buses for public transport [2].
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6.5 Future Studies
The transport sector in Samoa consumes more than 50% of the imported petroleum.
Exploring options to reduce the fossil fuel use in the transport sector is an important
issue for future research. Options for increasing electrification of the transport fleet
should be part of this study.
As described in Sec. 6.3, detailed studies of decentralized power systems for Samoa
and other pacific island countries are very important for resilience against the effects of
climate change on these small island nations.
Studies on RE scenarios for the PIC such as Samoa are not common in the academic
literature. The existing studies on RE transitions have been conducted at national
level by consultants for PIC policy makers. This thesis uses an approach that is quite
uncommon in the literature and yet quite detailed. One of its characteristics is the use
of actual data from the national power supply over a certain period. This approach
may be more widely applied to other pacific countries to help policy makers with their
future decisions on renewable energy transitions. It does, however, require reliable data
on resources as the above analysis of wind in Samoa illustrates.
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Conclusions
The main purpose of this research was to determine whether Samoa can reach its goal of
100% renewable electricity, by providing renewable power generation options, proposing
an approach to deal with variability and to study the trade-offs between renewability
and efficiency, and between renewability and economic viability. This was evaluated
by considering detailed future scenarios of supply and demand time series based on
modifying historical data. The key findings of this research are as follows.
Due to excellent solar resources, it is technically feasible to achieve close to 100% renew-
able electricity supply in Samoa with a combination of solar, hydro and storage. The
most promising scenarios to achieve this result from shares of solar, hydro and stored
solar electricity supply in the range of 28% - 37%, 25% - 40%, and 17% - 30%, respec-
tively (see Fig. 6.1). Scenarios showed a trade-of between a very high penetration of
solar resource and efficient use of RE resources.
Very high percentages of renewables (>90%) resulted in prohibitively high costs. How-
ever, by optimizing storage size, it is possible to find scenarios that appear economically
viable (NPV>0, see Table 5.7), achieve ∼90% renewable supply, and have indicative
LCOE that are below the current cost to produce electricity in Samoa. This indicative
result deserves more detailed analysis.
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For further studies, it is important to carry out:
1. a more accurate analysis of the most promising scenarios including detailed capital
costing of technologies and installation costs, and any cost required for additional
grid infrastructure,
2. an analysis of decentralized versus centralized options taking into account re-
siliences and robustness to weather factors,
3. an analysis that includes transport and heat, and
4. a roadmap from the current to a future energy system to provide guidance to
policy makers.
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This section provides the raw data provided by Fata, a senior electrical engineer of the
EPC. From 1/01/2017 to 01/01/2019. We present these using timeseries plots and
information in tables given.
B.1 Generation by Source
Figure B.1: Raw generation data timeseries plots by source
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Table B.1: Raw Generation Data Table
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B.2 Diesel Generation
Figure B.2: Diesel Data Plots
Table B.2: Diesel Data Information
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B.3 Hydro Generation
Figure B.3: Hydro Data Plots
Table B.3: Hydro Data Information
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B.4 Solar Generation
Figure B.4: Solar Data Plots
Table B.4: Solar Data Information
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B.5 Wind Generation
Figure B.5: Wind Data Plots
Table B.5: Wind Data Information
Appendix C
Extra Calculations for this
analysis
Economics Exchange Rate: 1 SAT = 0.37800 US$
C.1 Annual Electricity Production (kWh) from our data
set
.
From the raw data, the annual production by source is presented here for each year.
This is used to estimate the benefits from replacing diesel with renewables.
C.1.1 2017
• Demand =138000000 kWh
• Diesel = 90249736 kWh
• Hydro = 29023795 kWh
• Solar = 18521697 kWh




• Demand = 128350000 kWh
• Diesel = 72014785 kWh
• Hydro = 38805149 kWh
• Solar = 17426000 kWh
• Wind = 101450 kWh
C.1.3 Cost of Diesel Energy per year
Source: EPC Annual Report 2015, 2016 [24, 25]. The costs of fuel for power generation
(diesel) is presented in this section. This information was obtained from the EPC
Annual reports from 2014 to 2016. We assumed that the Cost of Diesel fuel and oil less
ACC levy rebate, refers to the total cost of diesel consumed by generators of both
Savaii and Upolu for each annual report. Therefore, the fractions of annual production
from each report were used to calculate the fuel costs per island. Note that the diesel
generation is the electricity produced from diesel, labelled as “Direct costs electricity
energy sales” (not fuel content of diesel). Calculations for our savings is given as,
C.1.4 2014
• Cost of Diesel fuel and oil less ACC levy rebate = $ 70,391,698 (direct cost of
diesel electricity generation for Samoa)
• Upolu Diesel = 83,146,948 kWh (87.8% of total diesel electricity generation)
• Upolu Diesel Cost = $ 61,803,911
• Cost of Diesel Fuel = SAT $0.74/kWh
C.1.5 2015
• Cost of Diesel fuel and oil less ACC levy rebate = $ 63,454,283 (direct cost of
diesel electricity generation for Samoa)
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• Upolu Diesel = 84,853,938 kWh (87.4% of total diesel electricity generation)
• Upolu Diesel Cost = $ 55,459,043
• Cost of Diesel Fuel = SAT $0.65/kWh
C.1.6 2016
• Cost of Diesel fuel and oil less ACC levy rebate = $ 46,313,716 (direct cost of
diesel electricity generation for Samoa)
• Upolu Diesel = 82,622,025 kWh (86.6% of total diesel electricity generation)
• Upolu Diesel Cost = $ 40,107,678
• Cost of Diesel Fuel = SAT $0.49/kWh




C.2 Volume of Petroleum used by the Electricity Sector
Volume(litres) of petroleum used by the electricity sector is found in the Energy
Reviews [61, 69], and are given below.
• 2013 = 22.2 million litres
• 2014 = 23.8 million litres
• 2015 = 22.9 million litres
• Average = 23 million litres
C.3 Electricity Tariff

ELECTRIC POWER CORPORATION 
 
 
NOTICE OF CHANGE IN TARIFF PER UNIT OF ELETRICITY 
16 March 2018 
 
Order of the Regulator No. 2018/E57 
(Pursuant to section 20 of the Electricity Act 2010) 
 
 
REGULATOR APPROVED CHANGE IN TARIFF PER UNIT OF ELECTRICITY. THIS 
ORDER OF THE REGULATOR REVOKES ORDER NO 2018/E56. 
 
The following tariff charges shall become effective commencing 01 APRIL 2018 
 
INDUCTION METER USERS  
 
1. Domestic Consumers will be charged with the following tariffs: 
 
kWh Usage charge  Debt charge Energy  Charge Total Cost per Unit 
All Units $ 0.26 $ 0.07 $ 0.43 $ 0.76 
 
2.  Non Domestic Consumers will be charged with the following tariffs: 
 
kWh Usage charge  Debt charge Energy  Charge Total Cost per Unit 
All Units $ 0.36 $ 0.07 $ 0.43 $ 0.86 
          
 
PREPAYMENT METER USERS (CASHPOWER)  
 
3. Domestic Consumers will be charged with the following tariffs: 
        
kWh Usage charge  Debt charge Energy Charge Total Cost per Unit 
1 ~ 100 $ 0.12 $ 0.07 $ 0.43 $ 0.62 
101 and over $ 0.26 $ 0.07 $ 0.43 $ 0.76 
 
4. Non Domestic Consumers will be charged with the following tariffs: 
 
kWh Usage charge  Debt charge Energy  Charge Total Cost per Unit 
All Units $ 0.26 $ 0.07 $ 0.43 $ 0.76 
 
This Order approved changes in the Energy Charge based on fuel charges for the 








C.4 Potential for Pumped Hydro Storage
C.4.1 Afulilo Dam
Estimating thr potential energy(PE) of the Afulilo dam using its parameters from




• PE - potential energy of the reservoir in (J)
• ρ - density assume to be 1000kg/m3
• V - Volume of 10 million m3 (times 50%)
• m - mass which is density times Volume, 5x109kg
• g - acceleration due to gravity 9.81 m/s2
• H - head race of 310 m
we get, 15 TJ or 4170 MWh.
C.4.2 Afiamalu Pumped Storage Scheme
Estimating thr potential energy(PE) of the Afulilo dam using its parameters from Ref.
[108]
Using the same equation in C.3.1, with volume (V) of 3.5 million m3, and head (H) of
175 m, we get 3 TJ or 830 MWh. Total potential of 5000 MWh.
C.5 Proposed Electricity Projects for Upolu
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This scenario consists of the current solar PV generation times 15 plus 400MWh,
accompanied by the current hydro installation. Fig.5.21 shows that with the current
hydro generation, oversupply for each day has been increased compared to the previous
scenario. Fig.5.22 indicates that most of the demand were met, except for a few in the
range of 0 to 20 MW that occurred in less than 200 hours out of the two years time
period, at a cost of a high spillage.
Figure D.1: Weekly profile for Scenario Four
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Figure D.2: Supply minus Demand for Fourth Case Scenario
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D.2 Case Scenario V
This scenario consists of the current solar PV generation times 10 plus 400MWh,
accompanied by the current hydro installation. Fig.5.23 shows that the number of days
with spill has reduced to two (weekend). Fig.5.24 indicates that the number of hours
for unmet demand starts to increase with surplus (0 - 25MW) still high with
magnitude beyond the figure’s limit (¿ 25MW).
Figure D.3: Weekly profile for Scenario Five
Figure D.4: Supply minus Demand for Fifth Case Scenario
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D.3 Scenario VI
This scenario consists of the current solar PV generation times 7.75 plus 400MWh,
accompanied by the current hydro installation. Deficit starts to show in Fig.5.25 and
Fig.5.26 shows an increase in deficit hours with surplus range of 0 - 25MW starting to
drop.
Figure D.5: Weekly profile for Scenario Six
Figure D.6: Supply minus Demand for Sixth Case Scenario
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D.4 Scenario VII
This scenario consists of the current solar PV generation times 6 plus 400MWh,
accompanied by the current hydro installation.
Figure D.7: Weekly profile for Scenario Seven
Figure D.8: Supply minus Demand for Seventh Case Scenario
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D.5 Scenario VIII
This scenario consists of the current solar PV generation times 6, the current hydro
with ROR type times 2, plus 400MWh.
Figure D.9: Weekly profile for Scenario Eight
Figure D.10: Supply minus Demand for Eight Case Scenario
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D.6 Scenario IX
This scenario consists of the current solar PV generation times 5, the current hydro
with ROR type times 2, plus 400MWh.
Figure D.11: Weekly profile for Scenario Nine
Figure D.12: Supply minus Demand for Ninth Case Scenario
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D.7 Scenario X
This scenario consists of the current solar PV generation times 6, the current hydro
with Dam type times 2, plus 400MWh.
Figure D.13: Weekly profile for Scenario Ten
Figure D.14: Supply minus Demand for Tenth Case Scenario
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D.8 Scenario XI
This scenario consists of the current solar PV generation times 5, the current hydro
with Dam type times 2, plus 400MWh.
Figure D.15: Weekly profile for Scenario 11
Figure D.16: Supply minus Demand for Eleventh Case Scenario
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D.9 Scenario XII
This scenario consists of the current solar PV generation times 6, the current hydro
with ROR type times 1.5, plus 400MWh.
Figure D.17: Weekly profile for Scenario 12
Figure D.18: Supply minus Demand for Twelfth Case Scenario
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D.10 Scenario XIII
This scenario consists of the current solar PV generation times 5, the current hydro
with ROR type times 1.5, plus 400MWh.
Figure D.19: Weekly profile for Scenario 13
Figure D.20: Supply minus Demand for Thirteenth Case Scenario
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D.11 Scenario XIV
This scenario consists of the current solar PV generation times 6, the current hydro
with Dam type times 1.5, plus 400MWh.
Figure D.21: Weekly profile for Scenario 14
Figure D.22: Supply minus Demand for Fourteenth Case Scenario
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D.12 Scenario XV
This scenario consists of the current solar PV generation times 5, the current hydro
with Dam type times 1.5, plus 400MWh.
Figure D.23: Weekly profile for Scenario 15
Figure D.24: Supply minus Demand for Fifteenth Case Scenario
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D.13 Scenario XVI
This scenario consists of the current solar PV generation times 2 plus the current
hydro installation
Figure D.25: Weekly profile for Scenario 16
Figure D.26: Supply minus Demand for Sixteenth Case Scenario
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D.14 Scenario XVII
This scenario consists of the current solar PV generation times 3 plus the current
hydro installation
Figure D.27: Weekly profile for Scenario 17
Figure D.28: Supply minus Demand for Seventeenth Case Scenario
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D.15 Scenario XVIII
This scenario consists of the current solar PV generation times 5 plus the current
hydro installation
Figure D.29: Weekly profile for Scenario 18
Figure D.30: Supply minus Demand for Eighteenth Case Scenario
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D.16 Scenario XIX
This scenario consists of the current solar PV generation times 3 plus the current
hydro with ROR type times 1.5.
Figure D.31: Weekly profile for Scenario 19
Figure D.32: Supply minus Demand for Nineteenth Case Scenario
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D.17 Scenario XX
This scenario consists of the current solar PV generation times 3 plus the current
hydro with ROR type times 2.
Figure D.33: Weekly profile for Scenario 20
Figure D.34: Supply minus Demand for Twentieth Case Scenario
Appendices 170
D.18 Scenario XXI
This scenario consists of the current solar PV generation times 3 plus the current
hydro with Dam type times 1.5.
Figure D.35: Weekly profile for Scenario 21
Figure D.36: Supply minus Demand for Twenty-first Case Scenario
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D.19 Scenario XXII
This scenario consists of the current solar PV generation times 3 plus the current
hydro with Dam type times 2.
Figure D.37: Weekly profile for Scenario 22
Figure D.38: Supply minus Demand for Twenty-second Case Scenario
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D.20 Scenario XXIII
This scenario consists of the current solar PV generation times 3 plus the current
hydro with Dam type times 1.5 and ROR type times 1.5.
Figure D.39: Weekly profile for Scenario 23
Figure D.40: Supply minus Demand for Twenty-third Case Scenario
